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ABSTRACT

Mingardi, Andrea. Ph.D., Engineering Ph.D. program, Wright State University, 2018.
THz Sources Based on Er-Doped GaAs Driven at Telecom-Fiber Wavelengths

This dissertation entails the investigation of ultrafast photoconductive (PC) THz
sources driven by fiber and semiconductor lasers around λ= 1550-nm to utilize
commercial fiber-optic telecom technology. The preferred approach is to use GaAs with
a high concentration of erbium, which has performed well when driven with laser
sources at both 800 nm wavelength, through intrinsic photoconductivity, and 1550 nm,
through extrinsic photoconductivity. Studies in the early 1990s showed that the Er
doping level has a solubility limit of ∼ 7 × 1017 cm−3 at 580 °C, above which erbium is
incorporated into GaAs as ErAs nanoparticles which promote resonant absorption
around λ= 1550-nm. This research is focused on improving the GaAs:Er extrinsicphotoconductive device performances by engineering the material and improving the
design of THz antennas. Antennas with different dimensions have been fabricated and
tested, and substrates with different doping levels and epi-layer thicknesses have been
studied and characterized to improve absorption of the 1550 nm radiation, increase the
dark resistivity and get more THz radiation. The antennas were then fabricated with a
planar-processing technique, packaged, and tested as 1550-nm driven PC THz sources.
These are the first THz devices fabricated in the history of Wright State
University and have already set a record in terms of power generated by THz
photoconductive devices driven at 1550-nm.
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Preface
This thesis extends and develops previous pioneering work on ErAs:GaAs PC devices
conducted at Wright State University. The research was conducted on a material with
unknown nanoparticle properties and insufficient THz performance to be used in
systems applications [1]-[3]. The objective of this work was to fabricate superior
devices capable of higher THz power generation and higher efficiency, gain a better
physical understanding of the material and devices, and discover new phenomena on
this unique nano-composite material. Four different approaches were run in parallel in
order to pursue these goals: thorough characterization to better understand the material,
improvement of the fabrication process, better understanding of the electromagnetic of
the antenna, and thorough testing of the devices.

Fig. 0.1 Research plan for this work.

xix

Chapter 1 of this dissertation will open with the definition and description of the
THz region of the electromagnetic spectrum and the kind of applications that it can
support. Next, an explanation of the two types of THz sources (photoconductive switch
and photoconductive mixer) that are being used in THz application will be given. Then,
the reasons behind the choice of the driving wavelength and an overview of the stateof-the-art materials used at such wavelength will be discussed.
Chapter 2 will discuss an overview of the different photoconductivity mechanisms
and present the history of the material chosen for these devices will be presented.
Chapter 3 will detail the results of the material characterization used for this work,
both optical and with regard of the quality of the crystalline structure.
Chapter 4 will introduce the devices tested for this thesis and examine the process
of fabrication of the devices as well as their packaging.
Chapter 5 comprises all the results from experiments done to characterize the devices
fabricated on the best two samples (ASP174 and ASP194). Tests for responsivity at
1550 nm with pulsed sources as well as tests for total THz power are presented. A new
type of infrared filter is here discussed and characterized.
Chapter 6 will continue with the characterization of such devices with the
presentation of the power spectra.
Chapter 7 will present and characterize the dual band (THz and microwave) antenna.
A study of the effect of the metallization on the performances of the antenna is
discussed.
Chapter 8 will present the results obtained from all the samples in order to optimize
the material for device application.

xx

Chapter 9 will focus on both the characterization of the devices under continuouswave laser excitation and their use as photomixers.
Chapter 10 will conclude this work with the first recorded preliminary study on the
failure mechanisms for photoconductive switches.

xxi

CHAPTER 1
THz region and THz sources.
1.1 The THz Spectrum and Applications
The THz spectrum has been defined as the spectral region from 300 GHz to 10 THz,
bordered on the lower end by the microwave region and on the upper end by the farinfrared. On the lower end of the spectrum, research has tried to progress the
development of a coherent millimeter wave source that could achieve higher
frequencies, but with limited success due to the speed limitations of the devices (i. e.
carrier mobility of the semiconductor). For example, 300 GHz represents a challenging
barrier to surpass [4]. In the infrared region, coherent radiation is generated using
photon emission from lasers. However, due to a change of spontaneous emission
physics, low atmospheric transmission (i.e. water absorption) and the fact that the
energy of THz photons (4.1 meV at 1 THz) is less than the thermal energy (around 25.6
meV) at room temperature, the lowest frequency for solid-state lasers is approximately
10 THz [5]. These two limits define the boundaries for the THz region (Fig. 1.1).
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Fig. 1.1 Spectrum of electromagnetic radiation [6].

Despite the problems associated with THz generation, THz radiation is of particular
interest due to several advantages. Wavelengths in this region are short enough to
provide sub-millimeter spatial resolution in imaging [7], and can penetrate fabrics and
plastics, making this spectral region useful for imaging many, otherwise concealed,
objects [8]. In addition, many materials have spectral “fingerprints” in the THz region
in the form of unique spectral absorption features [9], thus enabling direct detection.
Due to high water-vapor absorption (Fig. 1.2), THz waves do not propagate very far in
the atmosphere, and for this reason, they cannot penetrate the human body like
microwaves can. Nevertheless, this apparent limitation makes THz waves extremely
sensitive to hydration, which when combined with the fact that THz photons are nonionizing, makes these waves ideal for certain biomedical imaging application [10]-[13].
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Fig. 1.2 Atmospheric attenuation at sea level for different conditions of temperature, relative humidity (RH), fog,
dust and rain. (STD: 20 °C, RH 44%), (Humid: 35 °C, RH 90%), (Winter: -10 °C, RH 30%), (Fog, Dust, and Rain: 20
°C, RH 44%). Six water windows (circled numbers) and 5 weak water lines (broad arrows) are marked for
comparison with the THz-TDS measurements. [14].

More specific examples of the applications enabled by the properties of THz photons
include: medical imaging of the cornea, burns, and cancer [15]-[18], DNA sequences
sensing and THz exposure effects on lymphocytes [19]-[23], material spectroscopy of
organic and inorganic materials [24]-[27] especially to identify illicit drugs by
identifying spectral signatures [9], [28]-[30], security [8], [31]-[36], high-resolution
radars [37]-[39], broadband high data-rate indoor communication systems [40], [41],
and communications systems in general [42]-[44].

1.2 Photoconductive THz source - principles of operation
Photoconductive (PC) sources are critically important for THz power generation.
For this reason, they will be discussed in more details in this paragraph. The two
primary types of PC THz sources are: the photoconductive switch and the
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photoconductive mixer (photomixer). PC switches [Fig. 1.3 a)] or Auston switches
[45], are pulsed, broadband optoelectronic THz sources [46], [47]. They are mostly
used for time-domain spectroscopy (TDS) due to their high bandwidth and the speed at
which data can be collected (few seconds). They are also useful in imaging applications
because they produce more total THz power compared to photomixers [13], [48].
Photomixers [Fig. 1.3 b)], on the other hand, are tunable, single frequency, continuouswave (CW) THz sources [49] that are commonly used in frequency-domain
spectroscopy applications, where spectral transmittance or reflectance data is recorded
as the frequency is swept.
Since this work relates strongly to the PC switches and photomixers, a more in-depth
explanation of their principles of operation is provided in the following section.

Fig. 1.3 Schematic view of a setup used to generate a) pulsed THz radiation by photoconductive antenna, b) CW
THz radiation by photoconductive antenna [50].

1.2.1 Photoconductive switch
The PC switch (Fig. 1.3 a)) consists of a DC biased antenna patterned on a
photoconductive substrate. The electrodes are biased by an external voltage, and the
gap between them is excited with an ultrashort pulse laser. The excitation generates a
large density of photocarriers. The resulting photocurrent lasts only for a short period
leading to the generation of a THz pulse [46], [51]-[54], whose duration and spectrum
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are determined by the carrier’s lifetime in the semiconductor (following the generic
equation for bandwidth ω=1/τ). The concept of generation of pulsed THz radiation from
a photoconductive antenna (PCA) is illustrated in Figure 1.3 a).
The development of a photoconductive material is very important for high power
THz PC switches. An ideal photoconductive candidate needs to have the following four
properties: (1) short photocarrier lifetime (in picoseconds or less), (2) high photocarrier
mobility (in the order of 103 cm2/V-s), (3) high breakdown electric field EB (in the order
of hundreds of kV/cm), and (4) high dark resistivity (in the order of 10 3 Ω-cm). These
properties ensure a photoconductor that is poorly conductive in its “dark” state and
conductive in its “on” state, that can withstand high laser power levels, and can rapidly
switch between the “on” and “off” states.
(1) To a shorter pulse in the time-domain corresponds a larger bandwidth in the
frequency-domain. Hence, having picosecond, or sub-picosecond, photocarrier lifetime
is beneficial because it broadens the bandwidth of THz emission (ω=1/τ).
(2) The carrier mobility affects the “on” state of the device. When illuminated by
laser pulses, photocarriers are created by electron-hole pair generation. The
photoconductivity of the semiconductor is proportional to the generated electron and
hole densities:

  ene e  en p  p

(1.1)

where e is the electron charge, ne and np are the concentrations of electrons and holes,
µe and µp are their mobilities, respectively. The change in the photoconductivity results
in a pulsed photo-induced photocurrent when biased by the DC electric field in the gap.
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Hence, higher mobility leads to higher conductivity, leading to a larger current in the
“on” state.
(3) Having a high breakdown field is beneficial to the “on” state of the device. The
photocurrent density is described as:

J  t   N  t  ee EB

(1.2)

where N is density of the photocarriers, e is the electron charge, and EB is the bias
electric field. Since photocurrent is time dependent, it generates an electromagnetic
pulse with an electric field that follows the following equation [50]:

ETHz 

A  J t 
Ae  N  t 

 e EB
2
4 0 c z  t
4 0 c 2 z  t
1

(1.3)

where A is the area of the illuminated gap, ε0 is the vacuum permittivity, c is the speed
in vacuum, and z is the distance between the field point and the THz source. A high
breakdown field allows for higher bias to which the ETHz is linearly dependent.
However, a high bias may result in dielectric breakdown in the epilayer. This
breakdown can be one of two types: impact ionization breakdown and thermal-runaway
breakdown. The impact ionization breakdown happens when the bias field exceeds EB,
which is an abrupt mechanism. The thermal-runaway breakdown is caused by heating
of the epilayer by the photocurrent flow. This mechanism is a slow process that can
take from seconds to minutes and sets a tradeoff between the laser intensity and the
maximum bias voltage.
(4) The dark resistivity affects the “dark” state of the device. A high dark resistivity
increases the off-resistance of the device, thus reducing the dark-current (also referred
as leakage current). The benefits of the dark-current’s reduction are twofold: for one, it
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reduces the Joule heating that could lead to a thermally induced breakdown; in addition,
due to a larger difference between the pulse current in the “on” state and the “leakage”
current in the “off” state, the reduction of the dark-current will increase the THz optical
field due to the dependence of the latter on the photo-current (Eqn. 1.3).

1.2.2 Photoconductive mixer
The process for photomixers is optical heterodyne generation in the semiconductor
active region of the device. The optical sources that drive the photomixers are two
continuous laser beams with a frequency difference lying in the THz region. The
principle of operation for CW THz generation in photomixers is shown in Fig. 1.3 b).
The number of generated photocarriers is governed by:

 n  t   I pump  t  n


t
h
 eff

(1.4)

where η is the external quantum efficiency, Ipump (t) is the pump intensity, τeff is the
photocarrier recombination time, and hν is the photon energy. Note Ipump (t) is
proportional to the square of the optical field |Epump (t)|2. This square law is essential for
the photomixing.
In this case, there are two laser beams, with optical field E1 and E2 and corresponding
frequencies ω1 and ω2, respectively. Ipump (t) can be described as:
Ipump (t) = (1/2)cε0(E1+E2)2
with c the speed of light and ε0 the permittivity of free space. This equation can be
rewritten as [54]:

I pump  t   I1  I 2  2 mI1 I 2  cos 2 1   2   cos 2 1   2  
where m is the mixing efficiency, I1= (1/2) cε0(E1)2 and I2 = (1/2)cε0(E2)2.
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(1.6)

If the bias field is kept constant, the photocurrent can be rewritten as [55]:

I t   I D 

IA
1  

2 2
eff

sin t   

(1.7)

where ω = 2π (ω1-ω2) is the THz frequency, and φ=tan-1(1/ωτ) is the phase delay due
to the carriers’ lifetime. ID = EBµeτeff (I1 + I2) is the DC photocurrent and IA = 2EBµeτeff
√I1I2 is the amplitude of the AC current, responsible for the generation of the CW THz
signal. From (1.7):

ETHz (t ) 

 J t 
IA

cos t   
2 2
t
1    eff

(1.8)

Hence, for both photoconductive switches and mixers, it is necessary to have a
material with high photocarrier mobility, high critical breakdown field EB and high dark
resistivity. In addition, a short photocarrier lifetime (in the picosecond or subpicosecond range) is very important for both PC switches and photomixers as it sets an
upper bound on the bandwidth over which the devices can radiate.

1.3 Driving wavelengths
Two wavelengths, 780 nm and 1550 nm, are commonly used for driving PC devices
based on GaAs and InGaAs, respectively. The reason can be found in the history of
telecommunication and optical fibers. In 1970, the first single-mode fiber with
attenuation at 633-nanometer below 20 dB/km was created [56]. In the following years
the first-generation multi-mode systems working at 850 nm based on AlGaAs laser
could transmit light several kilometers without a repeater. A second generation based
on InGaAsP lasers emitting at 1300 nm proved to have a lower attenuation of 0.4 dB/km
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and it was later found that the minimum attenuation of glass fibers was below 0.2
dB/km at the 1550 nm wavelength (Fig. 1.4).

Fig. 1.4 Optical fiber absorption vs wavelength [57].

The next significant milestones were the fabrication of InGaAsP laser with
distributed Bragg reflector, which moved the emission wavelength up to 1550 nm, as
well as the development of the erbium-doped fiber amplifier (EDFA). In 1986, it was
shown that an optical fiber with erbium added to its core could amplify light at a
wavelength around 1550 nm, enabling the amplification of the weak signals transmitted
in fiber-optic communication systems.
1550-nm became then wavelength of choice for the fiber-telecommunication
industry. For this reason, lasers and other components working at this wavelength are
typically less expensive compared to those working at shorter wavelengths [58]. It is
also easier to manipulate such beams due to the wide variety of components, both active
and passive. This choice was also supported by the fact that, due to the core size of 9µm in diameter for 1550-nm fibers compared to that of 6-µm for 780-nm fiber [59], a
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given amount of power has around twice the intensity (P/area) in 780-nm fiber
compared to 1550-nm ones. This higher intensity excites Brillouin scattering and other
possible nonlinear processes much more readily in 780-nm fiber [60]. With this
problem being even more important with pulsed lasers, where the peak power is higher
compared to cw lasers. Furthermore, the number of photons per second is (P∙λ)/(h∙c),
where P is the average optical power, λ is the radiation wavelength, h is the Plank
constant and c is the speed of light in vacuum. Based on this, 1550-nm provides
approximately twice the photon flux of 780-nm for a given average optical power.
Finally, the 1550-nm wavelength suffers of smaller dispersion into fiber when
compared to that of 780-nm [61].
For all of these reasons, the 1550 nm wavelength was chosen for the research of this
thesis.

1.4 Materials
1.4.1 Photoconductors at 1550 nm
As previously mentioned, 1550 nm compatible devices benefit from the huge variety
and low cost of telecom components. For example, with photomixers, a wavelength
difference of 8 nm is required in order to obtain a difference frequency of 1 THz. A
simple CW system can consist of two distributed feedback (DFB) laser diodes that are
commercially available with a tuning range of about 4.5 nm, making a frequency range
of about 1.2 THz possible. For a larger tuning range, one of the DFB diodes can be
replaced with an external grating tuned source. If more power is required, erbium-doped
fiber amplifiers (EDFAs) can be used. All of these systems are often fiber-based (with
polarization maintaining fibers), allowing simple handling and very little alignment
effort (Fig. 1.5).
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In contrast to the well-established 800 nm photomixers based upon GaAs, devices for
1550 nm operation based upon InGaAs suffer inherently by the roughly 2 times lower
band gap than GaAs has. InGaAs has a bandgap of approximately 0.74 eV compared
to the one of GaAs of around 1.42 eV. Because of this difference in the bandgaps, the
breakdown field, EB, of InGaAs is lower than that of GaAs. From semiconductor
physics, the breakdown field tends to vary with band-gap energy super-linearly
following the relationships EB [V/cm] = 1.73 × 105 (UG [eV])2.5 for direct bandgap
material with low doping, and EB [V/cm] = 2.38 × 105 (UG [eV])2 for indirect bandgap
materials [62]. Thus, EB is around 4.8 x 105 V/cm for GaAs (UG =1.42 eV) and around
1.3 x 105 V/cm for In0.53Ga0.47As (UG = 0.74 eV).

Fig. 1.5 Block diagram of a photomixing setup.

1.4.2 Device parameters
Two aspects need to be addressed in order to develop a good THz photoconductive
device: the photoconductive material and the antenna design. Since the antennas were
not the main focus of this work, they will not be further discussed. In this section the
photoconductive material will be addressed. As previously stated, the material must
present: (1) a short photo-carrier lifetime, (2) high carrier mobility, (3) high breakdown
field, and (4) high dark resistance. In order to obtain (1), (3) and (4), a viable approach
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is to destroy or damage the semiconductor lattice via ion implantation [63]-[64], which
creates fast recombination states in the middle of the bandgap. This method, however,
usually reduces the mobility (2). The low mobility does not allow transport at the
saturation velocity, resulting in low photocurrents and low THz powers.

1.4.2.1 LTG InAlAs:InGaAs Devices
A photoconductor suitable for the operation at the 1.5 μm wavelength is a low
temperature grown (LTG) InGaAs/InAlAs multilayer structure that is doped with
beryllium [65]. When grown at temperatures below 200°C, the excess arsenic is
incorporated as point defects on the Ga lattice sites (antisite defect, AsGa), forming
deep donor levels in the material that lie above the middle of the bandgap close to the
conduction band edge. The LTG technique helps reduce the lifetime when compared to
standard temperature growth (STG) technique [66]. This is attributed to the electrons’
capture by ionized arsenic antisites (AsGa+). However, the shift of the Fermi level
toward the conduction band leads to a highly conductive n-type material at room
temperature. To increase the resistivity of the material, the InGaAs-layers are
sandwiched between InAlAs-layers barriers (with wider bandgap making them
transparent for the incident optical signal) which trap the residual carriers. Doping with
beryllium further increases the resistivity.
This photoconductor was used for the first fully fiber-coupled 1550-nm pulsed THzsystem by Sartorius et al. [67]. A problem with the material is the low mobility due to
the high defect concentration in the material. This leads to many elastic and inelastic
scattering events of the carriers with the defect sites. Another improvement can be made
by growing the material while keeping the substrate temperature in the range TS=300–
500°C. By doing this it is possible to obtain InAlAs/InGaAs photoconductors with low
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defect density and high mobility in InGaAs layers adjacent to InAlAs layers with high
defect densities for efficient carrier trapping. With this material, THz powers up to 64
μW can be obtained [68].

1.4.2.2 Ion-Implanted Photoconductors
Another option for PC materials is InGaAs with deep traps generated by ion
implantation. Ions with energies in the range of keV to MeV create defect states by
kicking out atoms from the crystalline matrix or pushing atoms into interstitials. This
results in reducing carrier mobility and the lifetime. The optimum dose depends
strongly on the implanted ions (weight) and implantation energy. Annealing is usually
required to partially restore the lattice.
Photoconductive switches with THz power of 50 μW using this kind of
photoconductor were demonstrated [63]. Furthermore, the dielectric breakdown value
can increase by a factor of four when compared to non-implanted samples of InGaAs
[64].

1.4.2.3 Extrinsic Photoconductivity at 1550 nm of ErAs:GaAs
A promising alternative to InGaAs-based devices is to use GaAs with 1550 nm drive
lasers and utilize sub-band-gap photon absorption mechanisms via the high
concentration of nanoparticles-related impurity levels. As is explained in the following
chapter, high erbium doping concentration generates a precipitate of ErAs
nanoparticles. These ErAs nanoparticles create many energy levels near the mid-gap of
GaAs allowing extrinsic 1550 nm absorption [69]. ErAs:GaAs also provides superior
mobility due to the excellent lattice matching between ErAs sub-lattice and the GaAs
sub-lattice. In addition, this material will benefit from the breakdown voltage of GaAs,
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as high as 500 kV/cm (compared to the 200 kV/cm for In0.53Ga0.47As) [70], [71]. THz
power of about 100 µW was initially demonstrated by Middendorf et al. [1].

1.5 Summary
The material chosen for this work is ErAs:GaAs and the drive wavelength is 1550
nm. The material has already been proven to possess the necessary characteristics for
being a THz source. Having the advantages of a large bandgap and the ability to use
the 1550-nm radiation as the driving wavelength. Using this material, efforts were
aimed at pursuing more efficient, high power devices by optimizing the material
characteristics (erbium concentration and thickness of the doped epitaxial layer) and
antenna designs. In addition, robust and comprehensive THz characterization and
power measurement methods were developed.
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CHAPTER 2
The Material
2.1 Photoconductivity
The phenomenon of changing the conductivity of a material via photon absorption
is called photoconductivity. When a photon with energy greater than the material
bandgap is absorbed, photocarriers (electrons) are generated and the conductivity of the
material increases due to its linear dependence on the carrier concentration.
In pure, undoped semiconductors, a photon with enough energy can excite an
electron from the valence band to the conduction band, producing an electron-hole pair
(Fig. 2.1). This process takes the name of intrinsic photoconductivity. In order for this
process to happen, the photon needs to have hν greater than Eg, where Eg is the bandgap
energy of the photoconductor. Light with a shorter wavelength (greater quantum energy
than the bandgap) is strongly absorbed, while light with a longer wavelength is
transmitted. Fig. 2.2 shows the absorption coefficients of the most common
semiconductors.
In the case of extrinsic semiconductors (Fig. 2.3), the photo-carriers can be produced
by either electron-hole pair generation or by photo-ionizing defect levels, where the
necessary energy to ionize the defects is less than Eg. For a p-type extrinsic
semiconductor, the impurity atoms create energy levels near the valence band-edge,
making it possible for photons with a much lower energy of Eg to excite electrons from
the valence band to an acceptor impurity level. In contrast, in an n-type
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semiconductor the energy levels associated with the defects are close to the conduction
band. In this case, a photon with energy lower than Eg can excite an electron from a
donor level to the conduction band.

Fig. 2.1 Photo-excitation and relaxation mechanisms for intrinsic GaAs.

Fig. 2.2 Absorption spectra for different semiconductor materials [72].
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Fig. 2.3 Photo-excitation and relaxation mechanisms for extrinsic GaAs.

2.2 History of ErAs:GaAs
The material used as the photoconductor for the devices in this research was gallium
arsenide heavily doped with erbium. This material was first grown by Molecular Beam
Epitaxy (MBE) in 1987 with doping concentrations up to 2x1019 cm-3 [73]. Shortly after,
a study of the growth and characterization of this material was conducted [74], [75]. In
this study, a multilayered GaAs sample was grown while incorporating erbium, with
the erbium cell’s temperature being varied from 950°C (the layer closest to the
substrate) down to 780°C (the layer closest to the surface). Table 2.1 lists the doping
concentrations. It was clear that the erbium cell’s temperature had an impact on
changing the concentration of the erbium into GaAs. Moreover, when imaging the
different layers with a Transmission Electron Microscope (TEM), the three most
heavily erbium doped layers (close to surface) were revealed to be inhomogeneous and
contained a high density of small nanoparticles (Fig. 2.4), of which the concentration
increased with the erbium doping level.
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A second a sample was grown in order to study the effect of the substrate temperature
while keeping the erbium cell’s temperature constant. Table 2.2 lists the erbium doping
concentrations.

Fig. 2.4 Dark-field (002) beam image of the highest erbium-doped layer in the first sample. The precipitates are
clearly visible under these conditions [74].

A direct relationship between of the diameter of these spherical particles and the
substrate temperature was found, meaning that as the temperature increased so did the
diameter. These results are shown in Table 2.2. The same test was done on the first
sample with results listed in Table 2.1. In this case, while the diameter remained fairly
constant, the concentration of the precipitate increased with the increasing erbium flux,
as shown in Fig. 2.5.
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Table 2.1 Variation in particle size with substrate temperature, Tsub, fixed and different erbium flux of the
erbium-doped layers of the first sample [74].

Erbium concentration

Tsub during

Growth plus

Precipitate

growth (°C)

“anneal” time (min)

diameter (Å)

2.0 x 1020

580

270-300

17

1019

580

210-240

16

2.1 x 1019

580

150-180

16

3.2 x 1018

580

90-120

14

1018

580

30-60

14

(cm-3)

4.3 x

1.2 x

Table 2.2 Variation in particle size with substrate temperature, Tsub, of the erbium-doped layers of the second
sample [74].

Erbium concentration

Tsub during

Growth plus

Precipitate

growth (°C)

“anneal” time (min)

diameter (Å)

3.6 x 1019

540

330

11

1019

560

270

14

3.6 x 1019

580

210

16

3.6 x 1019

600

150

21

1019

620

60

65

(cm-3)

3.6 x

3.6 x

A doping concentration of 7 x 1017 cm-3 was found to be critical. Above this
concentration, the erbium did not incorporate as a substitutional defect, but generated
ErAs nanoparticles. The surface morphology was then found to be quickly deteriorating
above an erbium concentration of around1018 cm-3 [74]. In 1993, the dependence of the
free-carrier lifetime on the erbium doping concentration in GaAs:Er was studied [76],
with the lifetime decreasing smoothly as the doping increases. A carrier lifetime of
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approximately 1 ps was obtained with an erbium doping of 5 x 1019 cm-3 as shown in
Fig. 2.6.

Fig. 2.5 A plot of precipitate density against total erbium concentration [74].

Fig. 2.6 Dependence of the carrier lifetime on the erbium-doping concentration in the MBE grown GaAs:Er
epilayers [76].

All these studies lead to the conclusion that higher growth temperature leads to larger
nanoparticles, and that higher ErAs concentration results in a higher density of the
nanoparticles. Moreover, the growing conditions were found to cause the ErAs
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nanoparticles to be arranged in layers with super-lattice of period L which affected the
carrier lifetime as shown in Fig. 2.7.

Fig. 2.7 The time constant τ1 of the transient decay as a function of the super-lattice period L.

It was not until the early 2000s that this material was first tested as a THz PC source.
In 2004, a photomixer device was fabricated on ErAs:GaAs [70] with a maximum peak
power of approximately 12 µW at 88 GHz and generating 1 µW at 1 THz. Then in
2006, the first photoconductive switch on ErAs: GaAs was demonstrated [77], with an
average power of 44 µW. These devices were driven by 780-nm laser sources, not 1550nm, using the intrinsic photoconductivity process. The first device based on the
extrinsic photoconductivity of ErAs:GaAs driven at 1550 nm wavelength was a
photoconductive switch antenna that was reported in 2012 [1] with an average output
power of 105 µW and an optical-to-THz power efficiency of 0.075%, compared to 75
mW and 0.375% optical-to-THz power efficiency for iron-doped InGaAs [78]. The first
ErAs:GaAs photomixer driven at 1550 nm was demonstrated only in 2015 [2] with THz
power of 40 nW at 150 GHz.
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2.3 Summary
The material of interest, erbium doped gallium arsenide, has been proven to have the
necessary characteristics to be used for THz generation. The ErAs nanoparticles can be
engineered in order to vary their sizes and density by adjusting the doping density and
the growth temperature. However, no study has been done on how the different doping
and different nanoparticles size and density affect the THz emission performance of
devices based upon this material.
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CHAPTER 3
Material characterization
The ErAs:GaAs was grown at the National Institute of Standards and Technologies
(NIST), Boulder, CO by Dr. Richard Mirin, Dr. Ari Feldman and Dr. T. Harvey. For
each sample, the epitaxial layer was grown on a 3-inch semi-insulating GaAs substrate
by Molecular Beam Epitaxy (MBE). The growths were performed at 600°C, with
simultaneous deposition of Gallium, Arsenide and Erbium atoms. The GaAs growth
rate was about 0.65 mono-layers per second with the Erbium flux being previously
calibrated using secondary ion mass spectroscopy (SIMS) on a separate sample.
In 2011, a model for the extrinsic photoconductivity of these materials was theorized
by Kawasaki et al. [79] and it is shown in Fig. 3.1. The model represents the ErAs
nanoparticle with energy levels determined by quantum confinement of ErAs free
electrons within the GaAs barriers [69], [79]. There are only two bound states on each
nanoparticle, one corresponding to the -point cell-periodic wave-function in ErAs, and
the other to the X point wave-function [69]. The energy levels in Fig. 3.1 depend on
both the extent to which the Fermi level in the ErAs pins at the mid-gap level of the
GaAs [79] as well as on the size of the nanoparticles (Fig. 3.2). Most importantly, the
model shows that a -point bound electron can readily make a bound-to-continuum
transition to the -valley of the surrounding GaAs when excited
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by a 1550-nm photon. Once excited to the GaAs -valley, the photoconductance is
made strong by the high mobility (>1000 cm2/V-s) of electrons there.

Fig. 3.1 Calculated energy gap versus ErAs particle diameter. Insert shows schematic of the modified
confinement potential model [79].

Fig. 3.2 Energy-level model for crystalline ErAs nanoparticles embedded in GaAs [80].
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Following this model, the erbium concentration and the epilayer thickness were
chosen as a variable parameter in order to optimize the material and increase its 1550nm absorption and THz generation. The erbium concentration has been varied from 2.2
x 1020 cm-3 to 8.8 x 1020 cm-3 while the epilayer thickness was varied between 1 µm and
2 µm. Table 3.1 lists the samples under test.
Table 3.1 List of the substrates used in this work. Details of Erbium doping and epilayer thickness.
Er doping [cm-3]

Thickness [nm]

ASP174

4.4 x 1020

1.00

ASP180

8.8 x 1020

1.00

ASP194

8.8 x 1020

2.00

ASP280

4.4 x

1020

1.00

ASP294

8.8 x 1020

1.00

ASP328

8.8 x 1020

2.00

ASP365

2.2 x

1020

2.00

ASP372

4.4 x 1020

2.00

All the materials have been tested optically and electrically with microscopy, IR
absorption, and Hall characterization. The results are presented in the following section.

3.1 Transmission Electron Microscopy and Scanning Electron
Microscopy
The first characterization of the ErAs:GaAs epitaxial layers was done by crosssectional TEM in order to identify the nanoparticles when the erbium doping density is
high. However, because this technique is expensive, only a few samples were imaged.
The dark-field TEM images of ASP174 and ASP180 in the (110) plane are shown
in Fig. 3.3 (a) and (b), respectively. ASP174 displays light-tone disks consistent with
the fact that Er is much heavier than Ga as well as with the presence of the spherical
ErAs nanoparticles. In ASP180, the disks are significantly larger but much less
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concentrated. Histograms were then generated for both samples using an objectrecognition software [81] and are shown in Fig. 3.3. For ASP174 there is a prevalence
of nanoparticles in the 1.0 - 1.5 nm diameter range; while for ASP180, the nanoparticles
are mostly in the 2.2 - 2.7 nm diameter range. The most likely diameter is 1.2 nm for
ASP174 and 2.5 nm for ASP180, respectively. The nanoparticle densities were then
estimated to be 2.2 x 1019 cm-3 and 4.8 x 1018 cm-3, respectively [82]. Both diameters
are consistent with those of Ref. [69] where a typical nanoparticle diameter of ≈2.0 nm
was obtained for a 600 °C growth and 3.3% ErAs fraction.

Fig. 3.3 Histograms of the diameter of the nanoparticles for a) ASP174 and b) ASP180.
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Fig. 3.4 Dark-field cross-sectional TEM for ASP174 (a) and ASP180 (b) in the (100) plane of the GaAs.

The model shown in Fig. 3.1-2 was then applied to the nanoparticles size of obtained
by cross-sectional TEM. A gap of 0.86 eV and 0.75 eV between the mid-bandgap and
the conduction band of the GaAs was obtained for ASP174 and ASP180, respectively.
A key insight that can also be drawn from these TEM images is the near absence of
defects other than the ErAs nanoparticles. This can be attributed to the good lattice
matching between the ErAs and the GaAs sub-lattices. ErAs and GaAs have in fact
lattice constants within 1.5% of each other. As a result, Er atoms will almost exclusively
arrange as homogenous substitution defects while causing very little strain in the crystal
lattice.
A tabletop Phenom Pro SEM [83] was also used to check for surface degradation.
The SEM allows for the resolution of features down to the micron scale level when
imaging non-electrically conducting materials, which is the case for the ErAs:GaAs
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samples. Both ASP174 and ASP180 display uniform, smooth epi-layer surfaces, and
for this reason they are not displayed here. In contrast ASP280, a replica of ASP174,
shows some degree of surface roughness on the epi-layer surface (Fig. 3.5). The most
recent samples, ASP328 ASP365 and ASP372, show an even greater, more severe and
structured surface roughness, as exhibited in Fig. 3.6, Fig. 3.7 and Fig. 3.8 respectively.

Fig. 3.5 SEM image of the surface of ASP280.

Fig. 3.6 SEM images of the surface of ASP328.
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Fig. 3.7 SEM images of the surface of ASP365.

Fig. 3.8 SEM images of the surface of ASP378.

Rigorous studies of the material composition and the crystalline structure have not
been carried out. It is possible, however, to speculate that the change in the surface
morphology could have been caused by a bad calibration of the growth parameters. In
support of this theory, it was found that during the growths of the samples ASP328,
ASP365 and ASP372, the As cell was depleted, leading to poor growth conditions of
the GaAs matrix in these epi-layers [84].

29

3.2 Infrared (IR) Measurements
The samples were then characterized for IR absorption spectrum T(λ). For these
measurements, two different spectrometers were used. The first is a fiber-coupled
grating spectrometer with a step-limited resolution of 1.25 nm and best performance
from 900 to 1600 nm. The source was a deuterium lamp, while the detector was a
DWARF-Star [85], a NIR high-performance InGaAs detector array (Fig. 3.9 a) shows
the schematic and b) the setup). The second spectrometer was a free-space-coupled
grating spectrometer having step-limited resolution of 10 nm with best performances
from 1400 to 4900 nm. The setup of the monochromator (shown in Fig. 3.10 b)) consists
of a silicon carbide filament broad-band source (mimicking black-body radiation), a
Cornerstone™ 260 1/4 m VIS-NIR monochromator [86] and a cross-calibrated LiTaO3
pyroelectric detector. All the spectra were normalized to the transmittance of a SI GaAs
substrate, identical to those used for the epitaxial growths, and polished on both sides.

Fig. 3.9 a) schematic configuration of the setup, b) picture of the setup.
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Fig. 3.10 a) schematic of the setup, b) image of the setup.

For each spectrum, two measurements were conducted: background (Si-GaAs) and
sample. From the ratio of the sample to the background spectra T(λ), the attenuation
coefficient and absorbance spectra were calculated. The governing equation is Beer’s
law:

   

 ln T    
t

, A   ln T

  

(3.1)

where t is the thickness of the epitaxial layer. For all the samples, an area roughly halfway between the center and edge of the 3-inch wafer was selected in order to avoid the
regions where the concentration of the doping was intrinsically low (edge of the wafer)
or high (center of the wafer).
Fig. 3.11 shows the absorption spectrum of a GaAs sample with a concentration of
erbium of 3.0 x 1018 cm-3 and an epitaxial layer 1.25 µm thick, ASP032. Although the
erbium concentration for this material is above the solubility limit of 7 x 1017 cm-3 [74],
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it does not show any absorption around the wavelength of interest, 1550 nm. With the
only effect being the generation of a broad absorption tail near the band-edge. Based
on this fact, it is clear that erbium doping by itself does not contribute to any resonant
1550 nm absorption, and instead it just generates a broad absorption tail. For the erbium
to cause strong absorption around the 1550 nm, it needs to be incorporated as an array
of ErAs nanoparticles with proper sizes in order to provide energy levels around the
middle of the bandgap of GaAs. Due to these levels, less photon energy is needed to
excite a carrier from these levels to the conduction band when compared to cross-gap
photoconductivity, making ErAs:GaAs a material suitable for the 1550-nm optical
excitation through extrinsic photoconductivity.

Fig. 3.11 Attenuation spectrum of ASP032, 1.25 µm thick epilayer doped at 3.0x1018 cm-3 grown on Semi
Insulated GaAs.
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Fig. 3.12 shows the spectra of ASP174 and ASP180 with erbium doping
concentration of 4.4 x 1020 cm-3 and 8.8 x 1020 cm-3, respectively, both with a 1 µm
epitaxial layer thickness. Resonant absorptions occur centered around 1620 nm and
1560 nm respectively, with absorption coefficients as high as 7750 cm-1 and 9800 cm-1
[87], respectively. These values are comparable to 850-nm cross-gap absorption for
GaAs (approximately 15-20000 cm-1). This is in accordance to the prediction of the
model of Fig. 3.1, which places the mid-bandgap energy levels of ASP180 closer to the
conduction band when compared to those of ASP174. A subsequent experiment was
carried out in order to make sure that the IR attenuations were in fact absorption spectra.
For this reason, responsivity measurements as a function of the driving wavelength
were carried out. The high responsivity shown in Fig. 3.13 proves the strong absorption
of these materials.
Fig. 3.14 shows the absorption spectra for ASP280 and ASP294, replicas of
ASP174 and ASP280 respectively. The peaks for these two substrates are at 1480 nm,
with an absorption coefficient of 7600 cm-1, and at 1570 nm, with an absorption
coefficient of 8600 cm-1, respectively. From both Fig. 3.12 and Fig. 3.14, it can be
deduced that a higher erbium concentration in the epi-layer increases the resonant
absorption of the material around 1550 nm. It is thus possible to grow materials with
high doping concentration and strong absorption, without generating “unwanted”
defects, as shown in the previous paragraph on TEM imaging.
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Fig. 3.12 Infrared absorption spectra of a 1 µm epitaxial layer of GaAs doped with a concentration of Erbium of:
a) 4.4x1020 cm-3 for ASP174 and b) 8.8x1020 cm-3 for ASP180.

Fig. 3.13 Responsivity vs wavelength for ASP174 (dotted blue) and ASP180 (squared red).
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Fig. 3.14 Infrared attenuation spectra of a 1 µm epitaxial layer of GaAs doped with a concentration of Erbium of:
a) 4.4x1020 cm-3 for ASP280 and b) 8.8x1020 cm-3 for ASP294.

After varying to the doping concentration and while keeping the epi-layer constant
(1 µm), an attempt to increase the absorbance at 1550 nm was made by increasing the
thickness of the epitaxial layer from 1 µm to 2 µm. Fig. 3.15 shows a comparison
between ASP180 and ASP194, both with an erbium doping of 8.8 x 1020 cm-3, but with
an epi-layer thickness of 1 µm and 2 µm respectively.

35

Fig. 3.15 Infrared attenuation spectra of GaAs doped with a concentration of Erbium of 8.8x1020 cm-3 and an
epitaxial layer of: a) 1 µm for ASP180 and b) 2 µm for ASP194.

The increase in the thickness leads to a slight reduction of the absorption coefficient
peak, from 9800 cm-1 to 7500 cm-1, a 23.5% decrease. Further, the dependence of the
doping was studied with the growth of samples ASP328 (a replica of ASP194), ASP365
and ASP372, with corresponding erbium doping concentrations of 8.8 x 1020 cm-3, 2.2
x 1020 cm-3 and 4.4 x 1020 cm-3, respectively, all with a 2 µm epitaxial layer thickness.
These materials displayed absorption resonances with peak values of 3500 cm -1, 2450
cm-1 and 2900 cm-1, respectively (Fig. 3.16). The reason of the low absorption is still
unclear. Additionally, these peak values occurred at wavelengths of 2070, 1690 and
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1680 nm, much longer than the desired 1550. In comparison to the previous samples, it
is also interesting to note the shift of peak absorption. For example, in ASP328 the peak
shifted to around 2070 nm, compared to that at 1570 nm of ASP194, despite the fact
that both samples had the same Er doping density. The likely reason could be the
different shape of the ErAs nanoparticles which is something that has already been
reported [88] where oblate-ellipsoid nanoparticles (compared to spherical nanoparticles
of ASP194) generated an absorption peak around 2.5 µm.
The outcome from these IR attenuation measurements is that a higher Er doping,
well above the solubility limit of erbium into GaAs, can result in an excellent resonance
absorption coefficient near 1550 nm. This is due to the proper sizes of ErAs
nanoparticles that create energy levels in the middle of the GaAs bandgap [74], [79].
However, the growth conditions can shift the resonant peak to >2.0 µm. Table 3.2
summarizes the results of the IR transmission measurements.
Table 3.2 List of the IR transmission measurements of the different samples.

Peak

ASP174

attenuation Peak attenuation

wavelength [nm]
1450

[cm-1]

Erbium

doping

6000

concentration [cm-3]
4.4 x 1020

ASP180

1660

9700

8.8 x 1020

ASP194

1590

7500

8.8 x 1020

ASP280

1520

5700

4.4 x 1020

ASP294

1530

8000

8.8 x 1020

ASP328

2070

3500

8.8 x 1020

ASP365

1700

1850

2.2 x 1020

ASP372

1660

2200

4.4 x 1020
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Fig. 3.16 Infrared attenuation spectra of a 2 µm epitaxial layer of GaAs doped with a concentration of Erbium of:
a) 8.8x1020 cm-3 for ASP328, b) 2.2x1020 cm-3 for ASP365 and c) 4.4x1020 cm-3 for ASP372.

3.3 Hall measurements
The next experiment that was carried out was the ambient Hall and 1550-nm photoHall measurements on van der Pauw structures [89]. Each sample had four small ohmic
contacts (AuGe) alloyed at 465 °C for 30 seconds and located on opposite corners of a
5 x 5 mm square chip. The opposite contacts were connected pair-wise to a Keithley
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6514 electrometer-grade solid-state source meter. The light source for the photo-Hall
was a ThorLabs LPSC-1550-FC 1550-nm diode laser with an on-axis intensity of
approximately 2.5 mW/cm2, high enough to create reliable photo-modulated Hall
voltages. Due to the difficulties in obtaining reliable Hall measurements on such highresistivity samples, only two materials were tested to obtain qualitative information
regarding carriers’ mobilities and concentrations. In order to obtain more reliable data,
three separate van-der-Pauw structures were fabricated on ASP174 and ASP180.
Both the Hall and photo-Hall voltages for all structures, including the one for the
control sample with a doping of 3 x 1018 cm-3, clearly displayed an n-type polarity,
meaning that both the “dark” free carriers and the photocarriers are electrons. The Hall
measurements also yield two other important metrics for device performance: the freecarrier concentration and the free-carrier Hall mobility. These are listed in Table 3.3
where the values for ASP174 and ASP180 are averages over three structures (+/standard deviation). Both the dark- (1.96 x 103 cm2/V-s) and photo-mobility (4.85 x 103
cm2/V-s) of the control sample are comparable to what one would expect for any GaAs
sample with free-carrier density of about 3 x 1018 cm-3 (i. e., 2 x 103 cm2/V-s) [90]. It
can be noted that for the control sample the photo-mobility is larger than the darkmobility, yet the reason is unknown. Interestingly the corresponding mobilities of
ASP174 (4.42 x 103 and 2.57 x 103 cm2/V-s) remain surprisingly high given the large
Er doping concentration of 4 x 1020 cm-3. Then for ASP180, where the Er doping is
increased another factor of two, both the dark- and photo-Hall mobility drop
significantly to values of 2.3 x 103 and 0.65 x 103 cm2/V∙s, respectively.
Table 3.3 also lists the Hall-derived dark electron density, n. Here it can be seen the
trend from n = 9.4 x 1010 cm-3 for the control sample (ASP032) to 0.7 x 1010 cm-3 for
ASP174, and then a big jump to 53 x 1010 cm-3 in ASP180. Assuming the transport is
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dominated by conduction-band electrons, this can be converted to a bulk Fermi level
using the well-known expression

n  NCe

 U C U F  


 k BT


(3.2)

where Nc is the conduction-band effective density-of-states (4.7 x 1017 cm-3) in GaAs,
and UC is the conduction band reference energy. As displayed in Table 3.3, the Fermi
level between the control sample and ASP174 is decreasing relative to the GaAs
conduction-band edge as the Er doping concentration is increased. However, it then
increases dramatically between ASP174 and ASP180. Apparently, the effect of the
ErAs nanoparticles on ASP174 is to pull the Fermi level down toward the middle of the
GaAs bandgap, which is generally accepted for metallic nanoparticles in GaAs, such as
As precipitates in low-temperature-grown GaAs. The surprise here is the strong
increase in dark free electron concentration with Er, which counters the decrease in Hall
mobility such that the dark resistivity (neµ)-1 of ASP180 is just ≈3x lower than that of
ASP174. Interestingly, the 1.2-2.5 nm range spanned by the two samples overlaps the
2.3 nm typical-particle samples studied by XSTM experiments [79].
Table 3.3 Summary of dark- and photo-Hall data on samples ASP174 and ASP180.

Sample
Control
ASP174
ASP180
18
-3
Er Doping [x10 cm ]
2.8
440
880
Epilayer Thickness [µm]
1.25
1
1
Most Likely Nanoparticle Diam [nm]
NA
1.2
2.5
-3
19
Nanoparticle Concentration [cm ]
NA
2.2x10
4.8x1018
Distance Between Nanoparticle [nm]
NA
2.4
3.4
Dark and Photocarrier Hall Polarity
n
n
N
4
Dark Bulk Resistivity [x10 Ohm-cm]
3.41
19.5 ± 1.15 6.8 ± 3.3
10
-3
Dark Free Carrier Density [x10 cm ]
9.4
0.74 ± 0.13
53 ± 29
Fermi Energy for UC=0 [eV]
-0.40
-0.46
-0.35
3
2
Dark Hall Mobility [x10 cm /V*s]
1.96
4.42 ± 0.57 2.35 ± 1.8
3
2
Photo Hall Mobility [x10 cm /Vs]
4.85
2.57 ± 0.53 0.65 ± 0.38
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3.4 Pump-probe measurements
Pump probe photo-transmission was used to study ultrafast electronic dynamics. In
this technique, an ultrashort 1550-nm laser pulse is split into two portions; a stronger
beam (pump) is used to excite the sample, generating a non-equilibrium state, and a
weaker beam (probe) is used to monitor the pump-induced changes in the optical
transmission of the sample. The free carrier concentration (and its variation) inside the
material are expected to create a variation of the material optical absorption coefficient
[91]. This implies that a variation of transmittance can be detected and observed when
sub-band-gap radiation excites the material. The generation of the excess free carriers
is done by illuminating the sample with a 1550-nm laser pulse, whose photons energy
is high enough to excite carriers from the mid bandgap levels to conduction band. By
measuring the changes in the transmission as a function of time delay between the
arrival of pump and probe pulses, it is possible to collect information about the
relaxation of free electrons states in the sample.
Fig. 3.17 shows the block diagram of the pump probe setup used.

Fig. 3.17 Pump-probe setup, block diagram.

A Calmar Er-fiber 1550 nm laser pulsed source with a 200 fs pulse-width and 25 MHz
repetition rate frequency was used to generate both the pump and probe beams. The
arrival time of the probe beam was delayed using a delay line. A SM05PD5A - mounted
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InGaAs photodiode, capable of detection in the range of 800-1700 nm was used as
detector. The results obtained on ASP174 and ASP180 are shown in Fig. 3.18 [92].

Fig. 3.18 Lifetime measurements done on ASP174 (Sample #1) and ASP180 (Sample #2) [92].

The measured data of both samples displays a positive-going signature, which was
expected for ultrafast photoconductivity. The curve is well fit with a double
exponential:

Y (t )  Ae

 t 
  

1

 Be

 t 
  

2

(3.3)

For ASP174, τ1 = 1.7 ps, τ2 = 10.5 ps, A = 2.1 x 10-4 V, and B = 2.1 x 10-5 V. For
ASP180, τ1 = 1.6 ps, τ1 = 7.3 ps, A = 1.1 x 10-4 V, and B = 2.5 x 10-5 V [87]. In both
cases, A ≫ B so the fast exponential term dominates, which bodes well for terahertz
performance. These results are in accordance with the plot of Fig. 2.6 and are suggesting
(based on Fig. 2.7) a super-lattice period >60 nm. The control sample (ASP032) was
also tested for ultrafast photo-transmission but did not show any significant effect.
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3.5 Summary
It is possible to grow very high-quality GaAs:Er material, with very few defects,
despite the very high concentration of erbium and formation of ErAs nanoparticles.
These materials also proved to have very desirable electrical properties like high
electron mobility and high dark bulk resistivity, as proven by Hall measurements. By
adjusting the doping concentration and the thickness of the epitaxial layer, the 1550nm absorption was improved. Pump-probe measurements also proved the lifetime of
these samples to be in the picosecond range, which is favorable for THz generation.
Table 3.4 shows the comparison between ErAs:GaAs and InGaAs.
Table 3.4 Comparison between ErAs:GaAs and InGaAs.

ErAs:GaAs

InGaAs

10000

15000

100

1

3

1.5

Bandgap [eV]

1.42

0.75

Lifetime [ps]

1.6

0.2-0.3

1550-nm absorption [cm-1]
Dark resistivity [x 103 Ω-cm]
Carrier mobility [x 103 cm2/V∙s]

Table 3.4 proves that ErAs:GaAs has comparable absorption to InGaAs, higher dark
resistivity, higher mobility and larger bandgap. However, ErAs:GaAs displays a longer
lifetime of the photo-carrier which would impact the bandwidth of the devices
fabricated on this material. Based on our characterization, a problem of ErAs:GaAs
seems to be the repeatability of the growth conditions when doping with high levels
(>1020 cm-3) of erbium. A more in-depth study of the materials may help clarify this
problem and lead to repeatable material growths.
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CHAPTER 4
Fabrication and packaging
In parallel with the characterization of the materials, the optimization of the process
of fabrication and packaging of the devices was investigated. In particular, different
contact-metal stacks have been tested in order to improve THz performance.

4.1 Metallization, lift-off, and rapid thermal annealing
For the metallization stack, gold was chosen to be used for its good conductivity and
for its low reaction with the GaAs substrate. In addition, an AuGe layer was used due
to its deep diffusion into GaAs. Finally, Ti and Ni were considered in order to improve
the adhesion of the metallization to the substrate. Resulting in a multilayer structure,
used to accommodate the need of both a good ohmic contacts and a smooth surface
after rapid thermal annealing. For this reason, a lift-off process was sought. since the
patterning could not have been achieved through dry or wet etching.
The metallization stack was composed of 300 Å of nickel, 400 Å of germanium gold,
300 Å of nickel and 3200 Å of gold. A Denton thermal evaporator DV-502a was used
to evaporate the metal, under a vacuum of 10-6 Torr or lower. The metal on top of the
photoresist (Fig. 4.2) was then removed through a lift-off process, which was carried
out as follows. First, for one half hour the patterned substrate is placed upside down on
supports in a beaker filled with 1-inch of heated acetone (65 °C) to promote the
dissolution of the resist. Next, to complete the lift-off process, the substrate was placed
in a different beaker with heated acetone (65 °C), which was then place into an
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ultrasonic bath to remove the “stiffer” flakes of metal. The choice for the metallization
was driven by the need for both good adhesion and uniformity in the surface
morphology as well as a low contact resistance after rapid thermal annealing. The RTA
treatment is a necessary step needed in order to both reduce the contact resistance
between the metal and the substrate and obtain ohmic contacts.
For GaAs based devices, the most widely used contact stacks for photoconductive
THz antennas are Ni/AuGe/Ni/Au [93], [94] and Ti/Au [95]. In this research, the
following metallic stacks have been studied: Ti-Au, Ti-AuGe-Au and Ni-AuGe-Ni-Au.
Ti/Au contacts are usually preferred for their thermal stability, as titanium has a higher
melting temperature (1725 °C) than gold (1063 °C) and germanium (959 °C). On ndoped GaAs, both stacks (Ti based and Ni based) form Schottky contacts prior to
annealing. The annealing actively reduces the Schottky barrier. This likely relates to
the fact that during the annealing the two stacks interact with the substrate, creating
intermediate layers of TiAs and NiAs(Ge), respectively [96], [97]. In contrast to the
Ti/Au contact, the AuGe based contacts show a lower contact resistance. This is due to
a heating above the eutectic temperature of the AuGe alloy (360 °C) which causes high
diffusion depth (200 nm) of Ge into the bulk of the n-doped semiconductor [98].
Another result is the formation of an n+ layer sufficiently heavily doped to produce a
linear current-voltage characteristic. The motivation behind the choice of nickel was
the improvement of the surface morphology of the contact [99], the contact adherence
to the surface and the electrical properties to the contact [100], [101]. This stack, when
subject to rapid thermal annealing, undergoes the following transitions [102]:


At 240 °C, the germanium starts to diffuse out of the AuGe layer and moves
towards the two Ni layers either side of the Au.



At 280 °C, Ge has diffused completely into the Ni layers.
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At 300 °C, GaAs starts dissociating with Ga and As begins diffusing out
through the Au layer towards the surface of the contact.



At 335 °C, Ni from the top layer has diffused in towards the Ni at the GaAs
interface associating with As, while Au has diffused through to the GaAs
interface associating with the Ga in the form of Au-Ga alloy.



At 350 °C, Au-Ga is present at the sample surface.

Fig. 4.1 shows the surface morphology of the three stacks after rapid thermal
annealing at 465 °C for 30 seconds.

Fig. 4.1 Surface morphology of the three different stacks after rapid thermal annealing at 465°C for 30 seconds.

As it can be seen, while the two Ti-stacks led to a very rough (almost granular) and
non-uniform surface, the stack with nickel was smoother and more uniform.
The thicknesses of the metal layers are listed in table 4.1.
Table 4.1 List of thicknesses of the metal layers for the Nickel and Titanium stacks.

Ti
Ni
AuGe
Ni
Au
Total

Ti stack #1
Thickness [Å]
90

Ti stack #2
Thickness [Å]
90
350

3360
3450

3360
3800
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Ni stack
Thickness[Å]
296
350
294
3360
4300

The thin film resistivities of the two stacks Ti-AuGe-Au and Ni-AuGe-Ni-Au were
then measured using a four-point probe setup as shown in Fig. 4.2.

Fig. 4.2 Four-point probe diagram on the left, setup picture on the right.

The resistivity is given by [103]:



t V
ln(2) I

(4.1)

where t is the thickness of the stack, V is the voltage measured between the two inner
probes and I is the current flowing between the two outer probes.
A rapid thermal annealing (RTA) step was then performed to improve the contact
adhesion and obtain ohmic contacts which, as it will be shown, represent a trade-off
between having good ohmic contact and lower metal conductivity. This was achieved
by means of contact alloying the stacks containing AuGe layers. During this process, it
is important to remove the oxygen from the chamber, as it could react with the metals
as well as the exposed GaAs substrate, causing oxidation. For this reason, the chamber
was first purged and brought to a pressure of less than 1 Torr. Then an inert gas, in this
case nitrogen, is set to flow in the chamber to prevent oxidation. A two-ramp recipe
was then implemented in order to rapidly heat the substrate to the annealing temperature
(typically below 465 °C) with a minimal temperature overshoot and highest thermal
stability.
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The measured resistivities of the stacks, both before and after rapid thermal annealing
are plotted in Fig. 4.3.

Fig. 4.3 Thin film resistivities of the Ti and Ni stacks, before and after RTA at 465°C for 30 sec.

Before the RTA the Ti and Ni stack displayed thin film resistivities of approximately
6 x 10-6 Ω∙cm and 4 x 10-6 Ω∙cm, respectively (for comparison, the bulk resistivity of
pure gold is 2.44 x 10-6 Ω∙cm). After the annealing, these values increase to
approximately 7 x 10-5 Ω∙cm and 2.4 x 10-5 Ω∙cm respectively, with an increase of
almost 12 times for the Ti stack and 6 times for the Ni stack. For this reason, the Ni
stack was further studied.
Since the whole sample used for the first test (Table 4.1) was annealed, a second
sample with the nickel metal stack was evaporated, with thicknesses listed in Table 4.2,
in order to perform this study.
Table 4.2 List of the thicknesses of the metal layers in the Nickel stack.

Ni
AuGe
Ni
Au
Total

Ni stack
Thickness[Å]
284
305
284
3327
4200
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The surface morphology and the film resistivity of the second Ni-AuGe stack were
then studied by varying the temperature and the annealing time. The following
temperatures were used: 370 °C, 380 °C, 390 °C, 400 °C, 410 °C and 420 °C. The
annealing duration was set to either 20 or 30 seconds. In order to minimize the variation
between each test, a single substrate was deposited with the Ni-AuGe stack and then
cleaved into twelve smaller pieces. The RTA of each sample was then performed in
consecutive runs.
Prior to any annealing, the resistivities of the twelve pieces were measured and Fig.
4.4 shows the results.

Fig. 4.4 Thin film resistivities of the twelve SI-GaAs pieces with the Ni-AuGe stack.

The thin film resistivity values averaged to 2.96 x 10-6 Ω∙cm, a value that does not differ
much from the value for pure gold (2.44 x 10-6 Ω∙cm). In the first experiment, six of
the substrates were annealed for 20 seconds at the different temperatures, then the
resistivities were measured again (the results are plotted in Fig. 4.5). The surfaces were
subsequently examined for degradation of the metallization using the SEM (Fig. 4.6).
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Fig. 4.5 Measured values of the thin film resistivity before and after RTA for 20 sec vs annealing temperature.
Dataset on top, plotted results on bottom.

Fig. 4.6 SEM images of the metal surface of the Ni-AuGe stack when annealed for 20 seconds.
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In Fig. 4.5, it can be seen how the thin film resistivity increased independently from
the annealing temperature, to a value of around 1.9 x 10-5 Ω∙cm. The lowest value for
resistivity was recorded for the annealing temperatures of 390 °C and 410 °C. Fig. 4.6
shows that there is no major difference on the surface morphology after the annealing
at different temperatures. The same experiment was carried out at the same annealing
temperatures but for 30 seconds. The results are shown in Fig. 4.7.

Fig. 4.7 Measured values of the thin film resistivity before and after RTA for 30 sec vs annealing temperature.
Dataset on top, plotted results on bottom.

From Fig. 4.7 it can be seen how the thin film resistivity increases to an average
value of around 1.95 x 10-6 Ω∙cm, slightly higher than for the 20-second annealing. The
lowest value of 1.58 x 10-5 Ω∙cm was obtained at the annealing temperature of 390 °C.
The highest value of 2.42 x 10-5 Ω∙cm was obtained at a temperature of 420 °C. As for
the case of 20 seconds annealing, no significant difference in the surface morphology
of the metallization can be noticed, as shown in Fig. 4.8.
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Fig. 4.8 SEM images of the metal surface of the Ni-AuGe stack when annealed for 30 seconds.

Fig. 4.9 shows the final comparison between the thin film resistivities at different
temperatures and different annealing durations. At lower annealing temperatures (up to
400 °C) the resulting thin film resistivity was independent of the time of the annealing.
In contrast, the substrates annealed for 30 seconds at 410 °C and 420 °C displayed a
higher resistivity compared to the substrates annealed for only 20 seconds. The reason,
however, is unclear.
From the results obtained, the best annealing recipe was the one that anneals the
substrate to 390 °C for 20 seconds.
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Fig. 4.9 Comparison of the thin film resistivities before and after RTA to the top, and of the after RTA over
before RTA ratio of the thin film resistivities to the bottom.

In all of the cases studied, the resistivity of the metallization increased independently
from which metal stack was used or the temperature and time chosen for the RTA. The
increase in the resistivities is due to the combination of two factors: the thicknesses of
the metal layers and the roughness of the surface after the thermal treatment. First Fuchs
[104] and then Barker et al. [105] discussed in detail the relation between the resistivity
of metal films, their thickness, and the mean free path of the carriers in such films. Fig.
4.10 plots on the y-axis the ratio between the bulk silver conductivity, σ0, to the thin
film conductivity of silver, σ, and on the x-axis the ratio of the film thickness (a) to the
mean free path length (l). Assuming the curve in Fig. 4.10 is universal, the film
thickness needs to be close to 10 times the mean free path in order to have a ratio close
to 1 (i. e. the mean free paths are 5.87 nm for nickel and 37.7 nm for gold). Fuchs
explained that this due to the surface scattering which, in thin films, is predominant. In
addition, if the surface is not smooth but is rather rough as shown in Fig. 4.1, the surface
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scattering becomes even more severe. Over-imposed to Fig. 4.10 are shown two
datapoint obtained from samples studied for this research.
For this reason, thick metal films should be deposited in order to have a satisfactory
metallization. The rule-of-thumb is to deposit metallic layers 10 times thicker than the
mean free path in the metal. In the case of the Ni/AuGe/Ni/Au stack, thicknesses of ≈59
nm, ≈380 nm, ≈59 nm, and ≈380 nm, respectively, should be targeted. This would
therefore lead to a total thickness for the stack of 878 nm, which could be achieved
using different photoresists or via electro plating. Unfortunately, such thicknesses were
not used in this research for practical reasons.

Fig. 4.10 Resistivity 1/σ of thin films divided by resistivity 1/σ0 of the bulk metal. Both ordinates and abscissa
are plotted logarithmically, t is the thickness of the film and a is the mean free path [105]. The two red dots are
datapoint obtained from samples used during this research.

4.2 THz Optics and packaging
After the lift-off is done, the devices need to be prepared for packaging. The first
step is dicing the substrate into 3 x 3 mm chips using a DISCO DAD 2H/6T diamondblade saw. In order to reduce the chipping of the substrate, different feeding speeds and
blades have been tested on SI GaAs. After thorough testing, a feeding speed of 0.5
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mm/s and the blade ZH05-SD4800-N1-50 were chosen. An image of the single device
die is shown in Fig. 4.11.

Fig. 4.11 Single chip device next to a penny for scale.

An important issue of these devices is how to couple the THz radiation efficiently
into free space. The problem lies in the dielectric constant of the GaAs, εr≈12.96 at 1
THz [XX]. The high εr, paired with the fact that the substrate can be considered a slab,
creates a reflection:
𝑅=

≈

.
.

≈ 0.32

(4.1)

where nGaAs=3.6 is the refractive index at 1 THz [106]. A critical angle for the GaAsair internal reflection is ≈16° from normal, calculated from Snell’s law:

nGaAs sin(crit )  nair sin(90)
sin(crit ) 

nair
nGaAs

crit  sin 1

nair
nGaAs

where nair is 1 and nGaAs is 3.37.
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(4.2)

(4.3)

(4.4)

To avoid total internal reflection, a back-side hemispheric lens made out of high
resistivity float zone (HRFZ) silicon with a dielectric constant of 11.62 was used. This
solution was pioneered by D. Rutledge’s group at Caltech in the 1980s [107]. If the
antenna is located at the center of curvature of the lens and the lens is thick enough that
the spherical surface is in the far field of the antenna, the radiation rays reach the surface
at normal incidence. The drawback of this technique is that it yields a highly diverging
beam. To negate this issue, the antenna design places the planar antenna chip behind
the lens by approximately the distance r/nlens with r being the radius of curvature of the
silicon lens. This success of this method is due to a combination of
“hyperhemispherical” lens design with the thickness of the GaAs substrate [107]. Fig.
4.12 shows a cross-section at “ray-view” of a photoconductive antenna (PCA) coupled
to a hyperhemispherical lens where the angle α depends on the setback of the antenna.

Fig. 4.12 Cross-section of the ray-view of a PCA coupled with a hyperhemispherical lens.

In order to bias the device and handle the lens-coupled antenna, the package shown in
Fig. 4.13 was assembled.

56

Fig. 4.13 Cross-section view of the packaged lens-coupled antenna.

4.3 Antennae
The antenna chosen for emission tests was an important design consideration, as it
affects the output power and dictates the radiation bandwidth. In this work, three
antennae have been tested: the first and most important one being a 4-turn square spiral
antenna (Fig. 4.14 (a)), a design chosen for its ability to generate large output power
and circularly polarized radiation [108]. The second design is a slot antenna (Fig. 4.14
(b)), chosen to operate more efficiently over a narrower band than the square spiral.
The third is an Archimedean log spiral antenna (Fig. 4.14 (c)).
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Fig. 4.14 (a) 4-turn square-spiral antenna, (b) slot antenna, and (c) Archimedean log spiral.

The antennae shown in Fig. 4.14 (a) and (c) are examples of self-complementary
antenna (antenna where the metal area and the open area are congruent). The selfcomplimentary, log spiral-based designs are known to provide a beam pattern that is
frequency independent. In log spiral antenna designs most radiation propagates
perpendicular to the plane of the antenna. The high dielectric constant of GaAs (εr ≈
13) traps most of the THz radiation into the GaAs (when coupled with the HRFZ lens)
instead of radiating in air. In addition, spiral antennas have a design that allows for a
nearly independent frequency radiation resistance, RA, in contrast with dipole antennas.
According to Babinet’s principle, the RA of this antenna is:
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RA 
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 eff

(4.7)

where εeff is the effective permittivity of the semiconductor substrate (εeff = (1+εr)/2)
[109]. On the other hand, self-complementary square-spiral antennae, due to their
dipole-like nature, provide values for RA that fluctuate between ≈ 100 and 250 Ω. This
is an advantage when compared to the more frequently used self-complementary
logarithmic antenna. Additionally, the device in Fig. 4.14 (a) has the key characteristic
that each straight section of the square spiral acts as a dipole, leading to a sequence of
dipoles designed to radiate at progressively longer wavelengths. The square spiral
design is also advantageous because dipole antennas have a greater RA than the
logarithmic self-complementary spiral antennas. By having different size dipoles to
form this antenna, the RA can be kept high across the THz spectrum. Additionally, high
directivity of nearly 30 dB has been reported for this type of antenna when coupled with
a hyperhemispherical lens [110].

4.3.1 Four turns square-spiral antenna dimensions
Figure 4.18 shows the details of two versions (designs A and B) of the 4-turns square
spiral antenna used throughout this dissertation work.
The active region of the antenna is a 9 x 9 µm area, depicted with green stripes in
Fig. 4.15. From the center, following a counter-clockwise rotation, the spiral antenna
gets formed by adding dipoles, increasing their lengths of 18 µm at every 90° turn. At
the end of the fourth turn, bias lines (300 µm long for design A and 731 µm for design
B) terminate in large pads (300 x 300 µm for design A and 500 x 500 µm for design B)
for wire bonding. The two designs will be discussed further in the following chapter.
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Fig. 4.15 Details of the dimension of the 4-turn self-complementary square-spiral antenna: a) design A and b)
design B.

4.3.2 Slot antenna dimensions
Fig. 4.16 shows the slot antenna used for this work.

Fig. 4.16 Design and dimensions of the slot antenna.
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The slot length of 200 µm was designed to have a full-wave resonant frequency at 567
GHz, following the formula:
c
f0 

1 r
2

 full

(4.8)

where c is the speed of light (3 x 1010 cm/s), εr is the relative permittivity of the
substrate (13 in the case of the GaAs) and λfull is the full physical wavelength in cm.
The half-wave resonant frequency is estimated to be roughly 283 GHz.

4.3.3 Archimedean log spiral
Another antenna that was implemented was the well-known Archimedean log spiral
antenna [111]. A micro-photograph of the device is shown in Fig. 4.17 with the detail
of the 9 x 9 µm active region in the red square inset.

Fig. 4.17 Detail of the active region for the Archimedean log spiral antenna.
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4.4 Summary
A satisfactory process was designed to fabricate THz PCA devices with high yield
and reliability. The process brought a high yield (>95%) of devices, with very little
dimensional mismatch between the fabricated antenna and the design of the mask.
Several different types of possible metallization were studied. The one composed of a
stack of Ni/AuGe/Ni/Au was found to be the best one, yielding ohmic contacts after
RTA and keeping a lower arm resistance when compared to the widely used TiAu. The
RTA process was also studied in order to improve the surface uniformity of the metal
layer as well as keep a low overall resistance. The packaging of the antennae and the
antennae themselves were presented. The following chapter will start the presentation
of the results obtained on the testing of the devices fabricated on the two best samples.
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CHAPTER 5
PCA Characterization: responsivity and THz
power
The fabricated devices were tested and characterized as THz sources. The
measurements include: dark-current, photo-current generation, responsivity under
optical excitation at 1550 nm (pulsed and CW), and THz power generation. The devices
were operated under safe operating conditions, meaning under a combination of optical
excitation and bias voltage such that the individual device was far from breakdown and
able to operate without degradation of the performance for several days. These
operating conditions varied between each device. Based on both electrical and optical
characterization, absorption at 1550-nm and dark-current at 50 V (shown in Table 5.1),
ASP174 and ASP194 were found to be the two best materials. For this reason, this
chapter will cover the results obtained on these two samples, having the material
characteristics listed in Table 5.2, will be presented.
Table 5.1 Results on optical and electrical tests on the different samples.
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Table 5.2 List of samples tested.

ASP174

ASP194

Erbium Concentration [cm-3]

4.4 x 1020

8.8 x 1020

Epilayer Thickness [µm]

1

2

5.1 Photoconductive switch
5.1.1 Dark I-V current
As discussed in Chapter 2, the characteristic of “dark” current was first measured
without optical illumination. The experimental setup consisted of a source-meter,
namely a Keithley 2400, and two tungsten probes mounted on separate 3-axis micropositioners. By measurement of the IV curve, the quality of the devices could be
determined before packaging. Dark-current measurements can also provide some
information about the transport of the device under test. The Kethley 2400 was
connected by a laptop computer via a GPIB-USB cable, enabling automatic scans. All
the devices have been tested in the same way.
First are shown the results on the PCS having design A (Fig. 4.18 a). To review,
design A consists of a 4-turn self-complementary square-spiral antenna, consisting of
9 µm separation between the arms, and a 9 x 9 µm area for the active region. A
microphotograph of the fabricated device is shown in Fig. 5.1.
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Fig. 5.1 Photoconductive switch design A, square spiral antenna.

Fig. 5.2 shows the dark-currents for the two samples.

Fig. 5.2 Dark-currents of design A PCS fabricated on ASP174 and ASP194.

The first insight is an abrupt discontinuity in the current when the voltage (or electric
field) reaches certain critical values. These voltages were different for the two
materials. The theoretical explanation of this phenomenon is beyond the scope of this
thesis and hence only the raw data will be shown. More information regarding this
matter can be found in Ref. [112] where a qualitative model is proposed, suggesting
that the density-of-states at the Fermi level is a strong function of bias voltage,
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temperature and magnetic field and can be switched from a “null” Coulomb gap to a
“sharp” Kondo resonance peak.
As shown in Fig. 5.2, the device fabricated on ASP194 had a larger dark-current
before the discontinuity, compared to that of ASP174. However, after the discontinuity,
the ASP194 device displayed a much lower dark-current, which is a desired
characteristic for PCS devices.
Nonetheless, the dark-currents from ASP174 and ASP194 were still large. The main
reason is the gap dimension between the arms of the 4-turn square-spiral antenna. As
shown in Fig. 5.1, from the inner active region of the spiral throughout the spiral’s four
turns, the spacing between the arms is 9 µm. With this dimension, the conduction
happens evenly in every turn of the spiral, but because of the small spacing, both the
electric field and the dark-current are high.
In design B, this problem is alleviated by increasing the spacing between the arms
of the spiral. As shown in Fig 5.3, the ratio of the gap to metallization width of design
A (9 µm gap and 9 µm metallization) was increased to 3.5 (14 µm gap and 4 µm
metallization) with design B.

Fig. 5.3 Photoconductive switch design B.
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Fig. 5.4 shows the comparison of the dark-current measurements for the two antenna
designs based on the same substrate material, ASP194, with a doping density of 8.8 x
1020 cm-3 and a 2 µm thick epitaxial layer.

Fig. 5.4 Dark-current comparison between design A (in red) and design B (in blue).

Fig. 5.4 clearly shows that design B lowers the leakage current. In particular, at a bias
voltage of 50 V, the current drops from 1.27 µA to 0.56 µA. As a result of this
improvement, the device with design B was biased up to a voltage of 145 V, reaching
a maximum dark-current of 260 µA. The result is shown in Fig. 5.5.
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Fig. 5.5 Dark-current for the device fabricated with design B on ASP194, higher bias voltage.

In conclusion, the introduction of design B with 14 µm spacing and 4 µm
metallization widths reduced the dark-current. A possible, future improvement would
come by implementing a new type of antenna like the log spiral antenna design (a
comparison will follow later in this chapter) or even a square-log spiral antenna.

5.1.2 Photo I-V curve under 1550-nm pulsed laser excitation
Following the dark-current, an important metric of the devices is the photocurrent
generated under the optical excitation of the 1550 nm pulsed laser, and the related
responsivities. Fig. 5.6 shows the setup for characterizing photocurrent.
The setup consisted of the following: a Menlo T-Light 1550 nm mode-lock laser with
90 fs pulse width and 100 MHz repetition rate capable of generating an average optical
power of 87 mW coupled to free space; a 10x achromatic standard microscope objective
(NA = 0.25, EFL = 15.2 mm) with a focus spot size of 10 µm that matches the drivinggap region of the antenna; a packaged device; a Keithley 2400 source meter; and a
laptop computer to control the source meter and collect the data.
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Fig. 5.6 a) Block diagram of the photocurrent setup and b) picture of the setup.

The packaged device was mounted on a 3-axis stage and placed in the beam path
after the microscope objective. The device was aligned with the laser beam and the
procedure was carried out when the device was under a low bias voltage of 20 V in
order to reduce the risk of thermal or electrical failure. To ensure that the laser beam
was incident on the active region of the antenna, the photocurrent was monitored either
with the sourcemeter itself in DC mode or with an oscilloscope together with a 100 Hz
mechanic chopping of the laser beam. To align the device on the z-axis (the beam axis),
it was only necessary to adjust the z-axis stage and look for a maximum in the
photocurrent. Considering that the metallic arms of the antenna are opaque to the 1550
nm laser, the beam alignment on the x-y plane perpendicular to the beam axis can be
determined by counting the number of peaks generated when the laser illuminates the
gaps between of the arms (Fig. 4.18). On the axis parallel to the bias pad arms, the total
number of peaks is 17, while there are 15 along the perpendicular one. By switching
back and forth between the alignment on the z-axis and the x-y plane, and by making
sure the maximum signal at the 9th peak on the axis parallel to the bias lines and at the
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8th one on the perpendicular axis, the active region became aligned to the laser beam.
Additionally, for the devices fabricated with the design B, the active region is the only
area of the device with a 9 µm gap, while the spacing between the arms is 14 µm. Thus,
at a fixed bias, the central “peak” always had the highest photocurrent in the x-y plane,
making the alignment process much easier than that of design A.
Unless otherwise stated, all of the photocurrent tests have been carried out with a
laser output power of 84 mW, with an actual power reaching the device of
approximately 64 mW due to the attenuation of the achromatic microscope objective.
As per the dark-current measurements, the photocurrent and responsivity results for the
design A antenna devices will be presented first. The results for the design B will
follow, and finally a comparison of the two.
The devices fabricated on ASP174 and ASP194 with design A were tested up to 75
V. Fig. 5.7 shows the resulting measurements.

Fig. 5.7 Photocurrents at up to 75V for devices fabricated on ASP174 and ASP194 with design A.
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It can be noticed that the current for ASP194 at 75V increases with respect to bias
voltage much more slowly compared to that ofASP174. By fitting the two curves to a
power law, the exponents are found to be 2.04 and 4.69 for ASP194 and ASP174,
respectively. This could be an advantage due to the tendency for quadratic dependence
of PTHz on photo-current; however, a steep increase of the current for ASP174 will limit
the highest bias voltage due to the increased chance of a thermal-runaway breakdown.
Fig. 5.8 shows the comparison of the photo-current between devices with designs A
and B fabricated on ASP194. At the lower bias, the photocurrent of design B increases
only slightly. The effect of design B can be seen at higher voltages. The current in fact
increases with a slower power law. This is advantageous, as it will be shown later, due
to the stronger dependence of the THz power on bias voltage compared to that on photocurrent.

Fig. 5.8 Comparison between the photocurrent generated with the two designs from devices fabricated on
ASP194.
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Due to lack of ASP174, design B was implemented on sample ASP194. Fig. 5.9 shows
the results of the improved device with design B when biased at higher voltages.

Fig. 5.9 Photo-current for the device fabricated with the design B on ASP194, higher bias voltage.

5.1.3 Responsivity
To quantize the photocurrent generation, the responsivity of the material is
calculated. The responsivity is simply calculated as the ratio between the generated
photocurrent and the laser power:



I photo
Poptical

(5.1)

Fig. 5.10 shows the responsivities of the different devices at a bias of 50 V and at
the maximum bias voltages used for each device. The average optical power from
the1550 nm pulsed laser source was approximately 64 mW.
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Fig. 5.10 Responsivity vs voltage bias. Design A PCS for ASP174 and designs A and B PCS for ASP194.

From Fig. 5.10, it is clear that ASP174 shows the best responsivity between the two
materials. However, ASP174 displays a fast-increasing current to the voltage at low
bias (50 V), shown in Fig. 5.7, which prevents a higher operating bias voltage.
The responsivities of these two devices are then compared with the device from Ref.
[1], at a bias voltage of 75 V. The values are the following: 7.8 µA/mW, 1.44 µA/mW
and 1 µA/mW for ASP174, ASP194 and Ref. [1], respectively. This proves that
ASP174 and ASP194 are better samples due to their higher responsivities, which is an
important characteristic since THz generation depends also on photo-current, as
discussed in Chapter 2.

5.1.4 Infrared filter
The next step was to measure the THz power that the device radiates. Measuring
THz power has always been a challenge to researchers, in particular when doing so with
ultrafast photoconductive antennas driven by cw or pulsed lasers and characterized with
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broadband thermal detectors such as pyroelectrics. With 780-850 nm lasers driving
GaAs devices, the problem is usually thermal IR radiation created by the laser-induced
heating of the devices, as 780 and 850 nm radiations are readily absorbed by both the
GaAs substrate and the silicon lens. With 1550-nm lasers driving InP-, GaAs-, or Sibased devices (the case for this research), an additional problem is the significant
leakage of the 1550-nm power through the substrate and the silicon lens. In either case,
the THz power is skewed upwards by the 1550-nm radiation that leaks through. To
negate this issue, a logical solution is to use better filters that have superior IR blocking
capability while allowing excellent THz transmittance.
Black polyethylene (PE) has been used in this way for decades. For example, Blea
et. al. [113] showed in detail its performance as a millimeter/THz low-pass filter. Black
PE filters are particularly useful for testing 1550-nm-driven ultrafast devices [114].
During the course of this research, a new type of filter based on black polypropylene
(black PP) was discovered and shown to provide even better rejection of the 1550 nm
than black PE while increasing the THz transmittance. Side by side, two samples were
tested: a 1.59 mm thick typical black PE filter (Filter #1) and a new 1.14 mm thick
black PP filter (manufactured by Amari Plastics [115]) (Filter #2).
The IR characterization was done using the Cornerstone™ 260 1/4 m VIS-NIR
Monochromator, a grating spectrometer, covering from 1.1 µm to 3 µm (Fig. 5.11).
Both filters show attenuation greater than 30 dB at 1550 nm, limited only by the noise
floor of the pyroelectric detector. To further quantify the attenuation of these two filters
at said wavelength, a large area germanium photodiode and a sensitive electrometer (a
Keithley Model 6514 System Electrometer) were used. Two laser sources were tested:
a 1550-nm continuous source and a 1550-nm mode-locked laser.
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Fig. 5.11 Infrared transmission signals: BPE in red, BPP in blue, background in black.

Both sources were set to generate an average optical power of 30 mW. An
attenuation of approximately 75 dB was measured for both filters (limited again by the
instrumentation), yielding absorption coefficients of around 107 cm-1 for the filter #1
and 150 cm-1 for the filter #2. Thus filter #2 has better IR attenuation than filter #1.
The two filters were then measured for transmission in the THz region with an
Emcore PB7200 THz frequency-domain spectrometer. The results are shown in Fig.
5.12. In the range of 200 to 600 GHz the transmission (T) for filter #2 is above 80%,
while T for #1 is above 60%; in the range from 600 to 1200 GHz, T for #2 is well above
60%, while the T for #1 decreases almost linearly down to approximately 30%. This
proves the better performance of the filter #2 for THz transmission.

75

Fig. 5.12 THz transmission of filter #1 and filter #2.

The THz attenuation coefficients α for both samples were calculated from
transmission and plotted in Fig. 5.13. Quantitatively, α2 of filter #2 (PP) is smaller than
α1 of #1 (PE) across the entire 10-40 cm-1 range. This demonstrates the superior
performance of filter #2 for THz transmission. From the standing-wave interference
maxima of Fig. 5.12 the refractive index for filter #2 is estimated to be n2 roughly 1.48.
Interestingly, the experimental data were compared with the empirical formula for Dow
black PE obtained previously [113], α=A3/2/(1+Bν), where ν is the wave number and
where A=2.27x10-2 and B=2.12x10-3 are the two parameters that depend on
concentration, density and size of the carbon particles. Surprisingly, the curve of filter
#2 has better agreement with the empirical curve than the one of filter #1 (Fig. 5.13). A
possible explanation is that filter #2 may contain different size and different
concentration of carbon particles in a way similar to the Dow black PE while the typical
PE filter #1 doesn’t.
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Fig. 5.13 Absorption coefficients of filter #1 and filter #2.

Thus, this new IR-blocking low-pass THz filter has superior performance in
transmitting THz power while blocking leaked 1550 radiation. This helps improve the
accuracy of the THz power measurements.

5.1.5 THz Power Measurement
The setup used for this experiment is shown in Fig. 5.14 and it is very similar to the
one used for photocurrent and photo responsivity shown in Fig. 5.6. A Menlo T-Light
1550-nm mode-locked laser, having ≈90 fs pulses and 100 MHz repetition rate, was
used to pump the devices. The maximum available power was P1550 = 84 mW and, in
order to vary the laser power, a wheel attenuator was added to the setup.
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Fig. 5.14 Schematic of the setup for THz power measurements, block diagram on top, picture on the bottom.

The beam was focused with an achromatic standard microscope objective
(NA=0.25, EFL=15.2 mm) to be concentrated within the 9 × 9 μm center gap of the
spiral antenna. The objective was found to have a transmission, Tobj, of around 77% at
1550 nm. The efficiency of the 1550 nm radiation coupled to the device at the airsubstrate interface, Tsubstrate, is equal to 1-Rsubstrate, and Rsubstrate is

Rsubstrate

n
1 
  GaAs

 nGaAs  1 

2

(5.2)

where is nGaAs= 3.37 is the refractive index of GaAs [116]. Tsubstrate is estimated to be
around 0.7. The leaked 1550 nm through the substrate as well as the silicon lens, Pleak,
was measured to be approximately 2.8 mW when the incident laser power, P1550, was
around 84 mW.
The power was first characterized for radiated emission at frequencies above 100
GHz using one of the following detectors connected to an SRS SR810 DSP lock-in
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amplifier: a Gentec-EO QS-I-TEST large-area pyroelectric coupled to a 0.34-in-diam
brass flared tube, with the flared end placed flush against the Si hyperhemispherical
lens [117], or a QMC OAD-7 Golay Cell detector. Both the detectors’ responsivities
were obtained by cross-calibration against a 104-GHz Gunn oscillator measured with a
traceable waveguide thermal power meter, and then attenuated down to microwatt
levels. The Gentec-EO QS-I-TEST was determined to have a responsivity of 10000
V/W, and similarly the Golay Cell was tested to have a responsivity of 7000 V/W.
In order to measure photocurrent, the devices were aligned to the focused laser
coming out from the microscope objective lens using the same procedure as what was
done in 5.1.2. The detector was mounted on a 3-axis stage to position the aperture of
the detector so that it intercepted the THz beam and maximized the reading on the lockin amplifier.
The first sample tested for THz power radiation was ASP174. The antenna design
used for this device was design A (9 µm gap width and 9 µm arm width). The detector
used was the Gentec-EO QS-I-TEST large-area pyroelectric detector coupled with a
brass flared tube. The aperture of the detector was placed 2 millimeters away from the
HRFZ silicon lens of the packaged device. The results are shown in Fig. 5.15, where
the left axis displays the lock-in signal and on the right axis the correspondent THz
broadband power.
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Fig. 5.15 Design A, ASP174, THz power vs bias voltage.

The maximum THz power radiation, when the device was biased at 75 V (across the
9 µm gap of the active region), reached a value of 42 µW, which is enough for imaging
applications. Fig. 5.16 shows the THz power dependence to photo-current. As can be
seen, the dependence is sub-linear with saturation at high photo-current values.

Fig. 5.16 Design A, ASP174, THz power vs photo-current.
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The optical-to-THz efficiency was then measured more accurately using the
following formula:



PT
P1550TobjTsubstrate  Pleak

(5.4)

where PT is the THz generated power, P1550 is the maximum available output 1550-nm
laser power (approximately 84 mW), Tobj is the microscope objective transmission
(equal to 77%), Tsubstrate is equal to 1-Rsubstrate as shown in equation (5.2), and Pleak is the
leaked 1550-nm radiation through the substrate as well as the silicon lens. Pleak was
measured to be around 2.8 mW when the incident laser power, P1550, was roughly 84
mW, and an optical-to-THz power efficiency of 0.095% was obtained. Noticeably, the
dependence of the power on the bias voltage is superlinear with an exponent of 1.76,
close to quadratic.
As can be seen, there is still no sign of saturation in the THz power, so more power
could be obtained by biasing the device at a higher voltage. However, as described in
Fig. 5.7, increasing the bias voltage would most likely drive the device to breakdown
due to the very large current already being drawn by the device and the consequent
large amount of heat generated. Already at 75 V bias, the rise in temperature of the
device in the active region, under the assumption that all the current flows through it,
is:

 T  Rthermal ( Pel  Plaser )

(5.3)

where Pel is simply the electrical power (V∙I), Plaser is the optical laser power hitting the
device, Rthermal (806 °C/W) is the thermal resistance of the active region, calculated as
1/(√(2) kπr) where k is the thermal conductivity of GaAs (0.55 W/cm-K), and r is
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the equivalent radius of the active region. In this case, with V = 145 V, I ≈ 600 µA and
with a Plaser = 64 mW, the temperature increases by 120 °C.
Afterwards, the dependence of the THz signal (or power) on the optical laser power
was measure. The result is shown in Fig. 5.17. To perform this test, a wheel attenuator
was placed on the path of the 1550-nm laser beam in order to obtain the desired amount
of laser power to drive the PC switch when biased at the constant voltage of 35 V.

Fig. 5.17 Design A, ASP174, THz power vs laser power under constant bias of 35 V.

Looking at the graph, it can be seen that the dependence follows a power law with
an exponent of 2.37, suggesting that the laser power is more important than bias voltage
for THz power generation. Interestingly, it is clear that there is still no sign of saturation,
and therefore even larger optical power could be used to further increase the generated
THz power. However, in this case, increasing the laser power may lead to a thermal
breakdown of this particular device as the current is already large (almost 800 µA)
under these “safe” operating conditions (75 V of bias and 64 mW of incident laser
power). From Fig. 5.16 and Fig. 5.17, it can be noticed that while the THz power
increases with both photo-current and bias voltage, the THz power increases faster
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based on the latter. As such, it is more important to be able to apply higher bias to the
devices than generating a larger photo-current.
ASP194 with the same design A (9 µm gap width and 9 µm arm width) was then
tested under the same conditions. The results are plotted in Fig. 5.18. A maximum THz
power generation of 22.8 µW was achieved, corresponding to an optical-to-THz
efficiency of 0.0518%. Fig. 5.19 shows the dependence of the THz power to photocurrent. In this case there is a nearly linear dependence.

Fig. 5.18 Design A, ASP194, THz power vs bias voltage.

Even in this case, the dependence of the THz power to bias voltage is stronger than
to photocurrent. The THz power dependence vs laser power was tested for this material
as well, this time when biased at 100 V. Results are shown in Fig. 5.20. An exponent
of 2.15 was obtained when performing a power law fitting. From Fig. 5.20 there is still
no sign of saturation of the THz power, even at the highest laser powers.
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This proves that for THz generation laser power and bias voltage are more important
than photo-current.

Fig. 5.19 Design A, ASP194, THz power vs photo-current.

Fig. 5.20 Design A, ASP194, THz power vs laser power under constant bias of 100 V.
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The results obtained from ASP174 and ASP194, under the same operating
conditions, and using the same design (type A), were then compared. Specifically, the
ratio of THz power generated to the photocurrent generated was sought, and the results
are shown in Table 5.3.
Table 5.3 THz power, photocurrent and ratio for design A PCSs fabricated on ASP174 and ASP194.

Substrate

THz power [µW]

Photocurrent [µA]

Ratio [µW/µA]

ASP174

42.8

728

0.059

ASP194

22.8

47.5

0.48

The ratio calculated in this Table demonstrates an important characteristic. A
material with a higher ratio can be biased at a higher voltage, generating more THz
power while keeping the heat generation low, thus reducing the chance of breakdown.
With this in mind, the device fabricated on ASP194 was tested for THz power
generation with the design B (14 µm gap width and 4 µm arm’s width) under the same
operational condition. The results are shown in Fig. 5.21.
As made clear by the figure below, the modification of the design leads to an increase
of the THz generated power from the device by a factor of about 50%, from 22.8 to
35.2 µW. This increase resulted in an improved optical-to-THz power efficiency, from
0.0518%, of 0.08%. In addition, the exponent of the power law fit increased from 2.08
to 2.53. Since the dark-current was low, higher bias voltages (up to 145 V) were tested,
and the results are shown in Fig. 5.22. Fig. 5.23 shows the THz power dependence to
photo-current.
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Fig. 5.21 ASP194, THz power vs bias voltage. Comparison between the design A (in red) and B (in blue).

Fig. 5.22 Design B, ASP194, THz power vs bias voltage [118].
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Fig. 5.23 Design B, ASP194, THz power vs photo-current.

The dependence of the THz power on bias voltage closely matches a quadratic curve.
At 145 V, this device generated a record broadband THz power of 117 µW [118]
amongst devices driven at 1550 nm. The optical-to-THz efficiency of 0.266% renders
these devices competitive with the state-of-the-art 1550-nm driven THz PCS based on
intrinsic photoconductivity [68], [78] as shown in Fig. 5.24.

Fig. 5.24 THz power (on x-axis) and efficiency (on y-axis) of THz PCS driven at 1550-nm, state-of-the-art.
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In particular, when comparing the result of the devices developed during this research
to those from Ref. [1] based on the same material, not only the THz power generation
was greater, but the efficiency was increase of about 3 times.

5.1.5.1 THz power polarization radiation
Because of the geometry of the antenna, the polarization was expected to be circular.
To confirm this assumption, a test was performed in order to check the type of
polarization that this device radiates. Using the same setup used for measuring the
broadband THz power, the detector was moved further away from the device in order
to insert a wire-grid polarizer (WGP). This type of WGP was developed by Drs. J.
Cetnar and J. Middendorf at Wright State University and was proven through
experimentation to possess an extinction ratio >35 dB [119]. By rotating the stage over
360 degrees, the polarization can be measured using the WGP. The measurement was
taken on a PC antenna with design B fabricated on ASP194. The result of this
measurement is shown in Fig. 5.25, where the radial axis is plotted in linear scale.

Fig. 5.25 Polarization radiation pattern of a design B PCS fabricated on ASP194.
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As it can be seen, the radiation pattern is indeed very close to be perfectly circular.

5.1.6 Toward optimum conversion efficiency, a comparison
between gap and finger devices
With the interest of creating a more compact THz source, the attention was turned
to the optical efficiency of photonic sources at light-wave frequencies, which is an
issued that had largely been overlooked. This is due to the fact that THz sources have
struggled to reach useful power levels in system applications. Because THz emission
has become more powerful, the goal of reaching an optimum efficiency was looked into
in order to understand whether such optimum performance could be obtained with a
lower average optical power than the approximately 100 mW available from typical
fiber mode-locked lasers. The ideal would be down to the roughly 10 mW level that
can be provided by semiconductor mode-locked diode lasers.
In order to reach this optimum efficiency, the gap device fabricated on ASP194 with
the design A was tested at the bias voltage of 100 V. The resulting conversion efficiency
versus laser power is plotted in Fig. 5.26. The conversion efficiency is calculated
according to Eqn. 5.3. Even though they are lower than the η values reported for
intrinsic (cross-gap) GaAs PC switches, they are amongst the highest for 1550-nm
devices.
The performance of a similar PCA to the one shown in Fig. 4.18, but driven at 780nm, has been studied using a large-signal circuit model [Fig. 5.27 (a)]. In this study, the
PC switch’s photoconductance G(t) is a strong function of laser instantaneous power
and therefore time [120], [121]. The laser power creates the THz pulse across the load
resistance RL, which consists of both the antenna radiation resistance R A and the
internal series resistance RS. By averaging the THz pulse across RA, the average power
PTHz can be obtained. When this quantity is divided by the average laser power P0, it
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yields the efficiency curve η versus P0 in Fig. 5.27 (b) [120], [121]. The curves in Fig.
5.27 (b) depict the characteristic peaked behavior for power delivered from a source to
a resistive load in a microwave circuit.

Fig. 5.26 Experimental results of conversion efficiency vs laser power on ASP194 PCS, gap device.

In order to achieve this efficiency at much lower laser power, the interdigital-electrode
(IE) PC switch structure shown in Fig. 5.28 was investigated. This structure has been
used for a long time for making photomixers, while IE PC switches have been rarely
implemented, if ever, because of the added cost of fabricating their deep-submicron
features. The advantage is that the IE structure increases the device photoconductance
by a factor of around Nsq – which is the number of active “squares” as shown in Figure
5.28. This highlighted benefit assumes that the laser illumination intensity is kept the
same and that the bias electric field between neighboring electrodes is the same as in a
gap device without electrodes.
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Fig. 5.27 (a) Large signal model of the PCS and (b) conversion efficiency vs optical power when driven at 780 nm.

Additionally, the introduction of the IE structure can cause changes in the
capacitance C shown in Fig. 5.27 b), affecting the bandwidth of the device through the
RL∙C electrical time constant (RL∙C = τ = 1/ω). For the IE structure shown in Fig. 5.28,
Nsq ≈25, so that the optimum laser power in Fig. 5.27 (b) is reduced to ≈10 mW – an
average power obtainable from 1550-nm, semiconductor-diode mode-locked lasers.
Since such lasers can generally operate with much higher repetition frequency than
fiber lasers and can also be embedded in photonic integrated circuits (PICs), it is
possible to have THz pulse generators and perhaps THz transceivers on the same chip.
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Fig. 5.28 Detail of the photomixing region.

To verify this model at 1550-nm, a comparative study was conducted on a pair of
PC switches similar to the one of Ref. [118]. Two devices were tested, both fabricated
on ASP194 using the design A for the PCS. One device had the same design with the
“gap” that has been tested previously, while the other had the addition of optical fingers
in the active region (IE) (Fig. 5.29).

Fig. 5.29 Design a) of the gap device and b) of the finger device.

In these devices, the width and the distance between electrodes was 1.4 μm, and Nsq
is estimated to be roughly 13.2. Otherwise, the epilayer, fabrication, and test conditions
were kept the same. The illumination power at 1550 nm was approximately 43 mW,
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and the spot size was about 10 μm. For safe operation, the bias voltage on the gap device
was maintained well below the maximum. The results of this study clearly demonstrate
that the IE device shows better responsivity (Ɍ) (Fig. 5.30) and greater optical-to-THz
conversion efficiency (Fig. 5.31) than the gap device, which is consistent with the largecircuit model. To give an example, the performances at 9 V on the IE device and at 50
V on the gap device, such that their bias electric fields are approximately the same, can
be compared. In this example, the values for responsivity are approximately 1.41 and
0.70 μA/mW, respectively. Those for efficiency, η, are 0.028% and 0.024, respectively.
The design of the current IE device has room for optimization. For one, the use of submicron dimensions shown in Fig. 5.28 will reduce the IE optical reflection. This
reflection is estimated to be roughly 50% in Fig. 5.29 (b). Clearly, these results are
already promising, as they show an increase in both responsivity and efficiency without
the use of e-beam IE and with inferior finger electrodes obtained with optical
lithography.

Fig. 5.30 Comparison between the responsivities of the gap device and IE device, ASP194.
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Fig. 5.31 Comparison between the efficiencies of the gap device and the IE device, ASP194.

5.1.7 Summary of spiral antenna photoconductive switches driven
at 1550-nm
In summary, the introduction of the design B with the improved arm gap width from
9 µm to 14 µm effectively reduced the dark-current, as was expected. This is due to the
increase of the resistance between neighboring arms, which in turn reduces the current
flowing between arms and effectively forces the majority of the current to flow between
the electrodes at the end of each bias line (across the active region). In addition, design
B also slightly increased the photocurrent (when comparing the same material) and the
THz power generated. This configuration reached a maximum broadband THz
radiation of 117 µW and an optical-to-THz power efficiency of 0.266% using the
material ASP194 [118]. This sample proved to be the best material when it comes to
THz power over photocurrent generation ratio, a very good metric since being able to
produce THz with low current enables an even higher bias voltage (higher bias voltage
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leads to higher THz generation as well). Moreover, another significant milestone was
the first step towards optimum conversion efficiency in order to increase both
responsivity and efficiency of the antenna. This was achieved by introducing optical IE
structures in the device, rather than of a simple gap for pulsed laser excitation. Though
the early findings are promising, this type of test is still in its early stage and there is
therefore room for improvement in the design of the device (i. e. e-beam IE writing
instead of optical patterning).

5.2 Slot antenna characterization
Running parallel to the previous tests, the slot antenna device, shown in Fig. 4.19,
was also fabricated and tested for responsivity and THz generation. This device was
fabricated on ASP194 following the same recipe for the photolithography. Following a
similar procedure, this device was diced and packaged like all the other PCS devices.
Fig. 5.32 shows the dark- and photo-current of the slot antenna when under 64 mW of
1550-nm pulsed laser power. Fig. 5.33 shows the responsivity.

Fig. 5.32 Currents of the slot antenna fabricated on ASP194.
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Fig. 5.33 Responsivity of the slot antenna fabricated on ASP194.

The responsivity at 50 V is 0.57 µA/mW, which is very close to the value of the
responsivity obtained at the same bias voltage and under the same optical excitation of
the spiral antenna PCS fabricated on ASP194.
Finally, the device was then tested for THz broadband radiation (results shown in
Fig. 5.34).
As shown in Fig 5.34, the maximum generated power at 50 V is only 3 µW,
compared to the 11.15 µW obtained from design B square-spiral PCS fabricated on the
same material. This is due to the fact that the slot antenna radiates efficiently only
around the full- and half-wave resonant frequencies. The power conversion efficiency
is 0.002%.
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Fig. 5.34 Broadband THz radiated power from the slot antenna fabricated on ASP194.

5.3 Comparison between spiral antennae
Considering the results on the dark-currents of the square-spiral antenna design A,
it was clear that the leakage current of the four-turn self-complementary square-spiral
antenna was too high. In comparison, with the introduction of design B, the dark-current
was effectively reduced, however an additional reduction of this current could be
achieved by implementing the Archimedean log spiral antenna presented in Fig. 4.20.
The resulting reduction of the dark-current with this new antenna is due to the fact that
the gap between the arms increases with radial distance from the center. This increased
distance consequentially increases the resistance between neighboring arms, and
therefore improving the performance of this antenna in comparison to that of design B.
In order support these assumptions with data, two devices (design B PCS and the
Archimedean log spiral antenna), were fabricated on the same substrate (ASP294) using
the same fabrication recipe. The two antennae were tested for both dark-current and
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photo current under 1550-nm pulsed laser excitation, and THz generation. Fig. 5.35
shows the comparison between the dark-currents of the two antennae. The
Archimedean log spiral reduces the dark-current even further compared the design B,
reducing the stress on the device.
Fig. 5.36 shows the generated photocurrent, and the difference between the two is
not substantial. These results were to be expected, as the photocurrent is mostly from
the center 9 x 9 μm center region, which is the same for both designs.
Finally, the THz power was measured with a Golay cell detector. The results are
shown in Fig. 5.37.
An increase in the performances can be seen at higher bias voltage, consistent with
the small increase in the photocurrent seen in Fig. 5.36. These results led to the
possibility of a new type of antenna by merging the two designs: an Archimedean
square spiral. The resulting antenna could benefit from the low dark current of the
Archimedean log spiral and the higher radiation resistance typical of the square-spiral
antenna.
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Fig. 5.35 Comparison between the dark-currents of the square spiral antenna and the Archimedean log spiral.

Fig. 5.36 Comparison between the photo currents of the square spiral antenna and the Archimedean log spiral.
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Fig. 5.37 Comparison between the THz powers radiated from the square spiral antenna and the Archimedean
log spiral.

5.4 Summary
The results presented in this chapter prove that the excitation of ErAs:GaAs using
telecommunication wavelength can produce very high THz power. Additionally, in
order to increase the THz generation, more optical power is more important than more
bias voltage, with photo-current being the least important factor of the three. In
comparing the two samples, sample ASP174 has a much lower value for the conversion
of photo-current into THz power (Table 5.2) than ASP194. To date, the power
generated by the design B PCS fabricated on ASP194 is the highest THz power
generated by this type of material (ErAs:GaAs) and by any source driven at 1550 nm.
Another area of progress was the introduction of design B improved the performances
of these antennae by lowering the dark-current and making it possible to bias the
devices at higher voltages with the possibility of generating more THz power.
Furthermore, the use of an Archimedean log spiral antenna decreased even more the
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dark-current. Finally, during the characterization of these devices, a new and better IR
filter, and with higher THz transmittance compared to the conventional black PE, based
on black PP was discovered and characterized.
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CHAPTER 6
THz power spectrum
6.1 THz power spectrum data
An important characteristic of the power generated from these devices is not only
the total broadband power, but the power spectrum. The spectrum can be obtained with
various techniques. The easiest one is to use a spectrum analyzer; however, this type of
instrument does not go above 110 GHz. Another option is to first measure the signal at
spot frequencies with different narrow-band detectors, and then piece them together to
form a power spectrum. A third course of action is to use an interferometer, which was
the approach chosen to conduct this experiment. Specifically, a Michelson
interferometer was built in order to obtain the autocorrelation function of the THz
power generated with the THz photoconductive switch. This approach was used in
place of the more precise time-domain measurement due to equipment availability.
The Michelson interferometer employs a division-of-amplitude scheme. The setup,
which is displayed in Fig. 6.1, consists of two highly polished plates acting as the
mirrors and a thin film beam splitter. Its operation principle is listed as follows: the
wave amplitude is divided into two beams with a beam splitter (a thin film that is
partially reflective). The splitting occurs when one portion E1 of the incoming beam is
reflected off of the surface of the film, and the rest E2 is transmitted through it. The two
beams obtained by the amplitude division are sent in different directions against the
plane mirrors. They are then reflected back along their same respective paths to the
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beam splitter, creating a self-interference (interferogram) at the detector (inset in Fig.
6.1). If the detector measures power, then the detector output is given by:
P  C1 E1 (t ) E2 (t  t )

(6.1)

where C1 is a constant and Δt is the time-of-flight difference between the two arms.
Then by translating one of the arms uniformly using a mechanical stage, Δt becomes
variable, leading to:
P (t )  C1  E1 (t ) E2 (t  t )d t

(6.2)

Since E1 and E2 come from the same source, and assuming that the coherence time is
long enough, Eqn. (6.2) becomes the autocorrelation function R(Δt). The power
spectrum can then be obtained by the famous Wiener-Khintcine theorem of probability
[122], [123]:
S ( )  C2  R ( t )e jt d t

(6.3)

Since Δt is discretized, Eqn. (6.3) can be used in its discrete form

S ( )  C2  R( k t )e jk t

(6.4)

k

where Δt is the time difference step determined by the translation stage and the
detector sampling rate.
A photograph of the THz Michelson interferometer is shown in Fig. 6.2. An offaxis parabolic mirror was placed between the PC device and the interferometer to
collimate the radiation coming out from the silicon lens. The Michelson interferometer
was then aligned to the collimated beam at its input, and the output was measured with
a QMC OAD-7 Golay Cell power detector. A black polypropylene filter was placed in
the aperture of the detector in order to reject the 1550-nm leaked radiation.
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Fig. 6.1 Schematic of the Michelson interferometer.

Fig. 6.2 Michelson interferometer.
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In order to control the translation stage, a LabView script was used - Newport
Motion Controller/Driver SMC100. The THz beam from of the PC switch was chopped
and the signal from the Golay Cell detector was demodulated with a lock-in amplifier.
This compact linear stage could provide a precision motion over a 25 mm range and
0.1 μm minimum step with excellent stability and stiffness. Unfortunately, for reasons
that are not yet understood, this complete interferometer had around 30dB of insertion
losses. Because of these reoccurring losses, only the power spectra of a few devices
with excellent THz power generation were obtained.

6.1.1 THz power spectrum – ASP174
The first device tested was fabricated on ASP174 with design A, which generated a
maximum THz power of approximately 42 µW under 75 V bias with a pump power of
64 mW. A step size of Δx = 0.01 mm was used, which corresponds to a time difference
of 6.67x10-14 s according to the equation:

 t0 

2 x
c

(6.5)

where c is the speed of light in air. The factor of 2 comes from the fact that the beam
travels twice the length for each translation Δx of the mirror. The interferogram is
shown in Fig. 6.3, measured for a total translation of 3 mm, which corresponds to a
total Δt = 2 x 10-11 s.
By fast fourier transformation, this signal in the time-domain can be converted to the
power spectrum shown in Fig. 6.4. This device produces measurable power up to
roughly 3 THz, despite the 30 dB losses of the interferometer.
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Fig. 6.3 Interferogram of the PCS, design A fabricated on ASP174.

Fig. 6.4 Power spectrum of the PCS, design A fabricated on ASP174, and shifted Lorentzian curve fitting.

The power spectrum can then be fitted with a shifted Lorentzian function
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x( f ) 

A0

1  2 ( f  f )(2 ) 
2

(6.2)

0

where f0 is the peak frequency and τ is the photocarrier lifetime. This is connected to
the principle of uncertainty. According to this principle, the energy, ΔE, is related to
the photo-transition (when an excited state decays) and the lifetime (Δt) of the excited
state according to the formula:

Et  

(6.3)

where  is the reduced Plank constant. As the excited state decays exponentially in
time, it produces a line with Lorentzian shape in terms of frequency [124].
The fitting with the equation yields a photocarrier lifetime of ≈0.4 ps, which contrasts
with the 1.7 ps obtained through pump probe measurement.

6.1.2 THz power spectrum – ASP194
In the same fashion, the design B device from material ASP194 was tested. The
interferogram is shown in Fig. 6.5, and its power spectrum is shown in Fig. 6.6.

Fig. 6.5 Interferogram of the PCS, design B fabricated on ASP194.
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Fig. 6.6 Power spectrum of the PCS, design B fabricated on ASP194, and shifted Lorentzian curve fitting.

The power spectrum was fitted with a shifted Lorenztian function, yielding a
photocarrier lifetime of ≈0.5 ps, which is shorter than the 1.7 ps obtained by pumpprobe measurement (Section 3.4). The reason remains to be understood, but this kind
of discrepancy between the two measurements was observed previously in semiinsulating GaAs-based photoconductors excited at 800 nm [125].
To verify the accuracy of the obtained power spectrum, the radiations around three
“spot” frequencies - 100 GHz, 300 GHz and 600 GHz - were measured with three
waveguide-mounted, horn-coupled Schottky diode detectors. The signal was selfmodulated by the mode-lock frequency of the 1550-nm pulsed laser (i.e. 100 MHz) and
then demodulated with an RF lock-in amplifier (SRS model 844). The signal-to-noise
ratios (SNR) were obtained using the noise function of the SRS lock-in amplifier. The
signal-to-noise-ratios for the three frequencies were determined to be approximately 77
dB, 93 dB and 72 dB respectively. The SNR is plotted on the right vertical axis in Fig.
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6.6 and is in good agreement with the power spectrum obtained through autocorrelation
measurement, therefore verifying its accuracy.

6.2 Slot antenna – Power Spectrum
The power spectrum for the slot antenna was obtained using the same Michelson
interferometer and autocorrelation techniques as used for the spiral-antenna PCS
samples. The results are plotted in Fig. 6.7 and 6.8.
Fig. 6.7 shows the interferogram obtain from the slot antenna. In Fig. 6.8, the peak
of the power spectrum can be seen at around 290 GHz, in accordance with the halfwavelength resonance calculation (Chapter 4). In order to compare the bandwidths, the
power spectrum from design B spiral antenna is plotted against the slot antenna in the
same graph (Fig. 6.9). Clearly, the power spectrum of the slot antenna is “narrower”,
with detectable power up to 1 THz.

Fig. 6.7 Interferogram of the slot antenna fabricated on ASP194.
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Fig. 6.8 Power spectrum of the slot antenna fabricated on ASP194.

Fig. 6.9 Spectra comparison between a slot antenna (in blue) and a PCS (in red) fabricated on ASP194.

6.3 Summary
The power spectra of the devices were characterized using a custom Michelson
interferometer. Lifetimes of ≈0.4 ps and ≈0.5 ps were extrapolated for ASP174 and
ASP194, respectively. In square spiral antennas, power up to 3 THz and 4 THz was
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detected for ASP174 and ASP194, respectively, despite the 30 dB losses of the
interferometer. For the slot antenna, power up to 1 THz was detected.
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CHAPTER 7
Dual Band Antenna
This chapter will discuss how the design B antenna allows one PCS to emit
simultaneously in two bands. This improved design allows the antenna to radiate in the
low-THz region, around 300 GHz, and in the low-frequency region, between roughly
10 and 20 GHz. The low-frequency region was chosen specifically because of its known
strong atmospheric transmission, independent of water vapour, rain, etc. – a benefit to
wireless communications and radar. Moreover, the 10-to-20 GHz band provides much
greater penetration depth into soft tissue than THz radiation – a benefit for biomedical
reflective imaging.

7.1 Antenna design
The antenna consists of two concentric planar designs that share a common PCS, as
shown in Fig. 7.1. The inner antenna is the same type that was presented in Chapter 5,
which is the square spiral design B with four turns. The outer design is a dumb-bell
dipole (DBD) with 731 µm arm length and 500 x 500 µm pads that also serve for dc
wirebonding. The metal arm width of the square spiral is 4 µm and the gap is 14 µm,
creating a total spiral height of 315 µm and a physical length of 2553 µm between the
PCS and the dipole arms. Based on past experience, 4-turn square spirals having 4 µm
arm-width and the same height tend to be very efficient at frequencies above 150 GHz.
However, they then fall off in efficiency at lower frequencies. Therefore, the primary
motivation behind this design was to utilize the inherent photocurrent from the PCS at
the lower frequencies by coupling to the concentric DBD.
112

A secondary motivation was to choose a frequency band that propagates under all
atmospheric conditions. For that reason, the DBD was designed to radiate strongly
below 20 GHz where the atmosphere has tolerably low attenuation, even under rainy
conditions [126].

Fig. 7.1 Dual band antenna design, dumb bell dipole (DBD) on the left and PCS on the right.

To predict the performance of the DBD, the full- and half-wave resonant frequencies
f0 and f0/2 were estimated. First, it can be assumed that the propagation velocity of
photo-current flowing along the metal layers of the structure is
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ceff 

c

 eff

(7.1)

where c is the speed of light in vacuum and εeff is the effective dielectric constant. A
reasonable first approximation for εeff is the arithmetic mean [109],

 eff 

1   GaAs:Er
2

(7.2)

where εGaAs:Er is dielectric constant of the GaAs:Er substrate. Moreover, due to both the
high resistivity (>104 Ω∙cm) of GaAs:Er and the low (≈1 %) fill factor of the ErAs, the
dielectric constant can be approximated as εsGaAs:Er ≈ εr = 12.9, the relative permittivity
of GaAs in the microwave-to-THz region [127]. In addition,

f0 

ceff
LA  LP

(7.3)

where LA is the total physical length of the square-spiral and dipole arms, and LP is the
effective length of the pads. Given the geometry of Fig. 7.1, the total physical length is
LA = 2∙(2553 + 731) = 6568 µm. A final assumption is that LP ≈2∙500 µm, which is
twice the pad width. This leads to an estimation of the full- and half-wave resonance
frequencies of 15.1 and 7.54 GHz, respectively, which defines the region of efficient
operation for the DBD antenna.
An interesting aspect of the overall antenna design is the effect of the spiral on the
dipole. It can be assumed dispersion-free because the square spiral, and selfcomplementary spirals in general, has no mutual inductance. In fact, the magnetic field
created by one spiral arm cancels the field created by the opposite arm. Also, it is
assumed to be attenuation-free because each arm of the spiral is much shorter than a
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wavelength in the 10-20 GHz region. The metal layers thicknesses lead to a total spiral
arm resistance < 170 Ω. Hence, the inner spiral antenna acts primarily as a delay line,
which aids significantly in shrinking the overall dimensions of the dual-band antenna
structure, especially when compared to typical planar antennas in the 10-20 GHz
region.

7.2 Packaging and broadband performances
As for all other devices presented in this work, the antenna used for this testing was
fabricated by using the same process presented in Chapter 4. The large lens size is useful
because it supports the coupling of the DBD antenna to free space at microwave
frequencies with co-alignment to the optical axis of the spiral, without spillover loss or
vignetting.
As presented in the previous chapter, the radiated emission at frequencies above 100
GHz was measured using a Golay cell. When driven by a 1550-nm fiber mode-locked
laser with an average power of 64 mW, an average THz power above 100 µW was
obtained at a bias voltage of 145 V (Chapter 4). The polarization was measured and
found to have approximately equal levels of power in all orientations, consistent with
circular polarization being emitted from the square spiral.
To understand the radiation at lower frequency, it is possible to note the lowfrequency rise in power spectrum in Fig. 7.2 (a) below 100 GHz. Initially, it was thought
to be associated with 1/f noise or a similar parasitic effect in the receiver electronics;
however, further investigation attributed it to radiation from the DBD structure.
Although the Golay Cell detector drops in external responsivity below 100 GHz, there
is no sharp cut-off frequency as in a waveguide-mounted device. For this reason, the
drop is graceful and not precipitous.
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To prove that the DBD antenna was contributing significantly to the total emitted
radiation, the power detector in Fig. 5.15 was replaced with a receiver consisting of the
combination of a WR-75 waveguide-to-coaxial transition coupled to a calibrated,
commercial spectrum analyzer. Although the coupling between the DBD and receiver
is inefficient because of mode-mismatch, the power spectrum was easily measured by
placing the open end of the WR-75 waveguide section against the Si hyperhemispherical lens. A typical spectrum analyzer output is shown in Fig. 7.2 (b),
consisting of a “comb” of emission spikes separated by the mode-locked repetition
frequency of 100 MHz. As was expected, the comb falls into the noise floor at lower
frequencies, where it approaches the WR-75 waveguide cut-off frequency near 8.0
GHz. The comb also displays three peaks centered at ≈10.5, 14.6, and 18.2 GHz,
proving that the radiation from the DBD at lower frequencies occurs in the 10-to-20
GHz band. In addition, to prove that the radiation was in fact linearly polarized (as
expected for dipole antenna), the dipole of the WR-75 waveguide-to-coaxial adapter
was connected to a lock-in amplifier. When the dipole of the WR-75 was aligned in
parallel to the dipole of the antenna, the measured signal was twice as large as when
the dipoles were aligned perpendicularly. This finding confirmed the linear polarized
nature of this radiation.
To help understand the performance of the DBD antenna, full-wave simulations of
the S11 and antenna pattern in both the 10-to-20 GHz and the 300-GHz regions were
carried out at the Universidad Carlos III de Madrid [128] using the software CST
Microwave Studio [129]. Fig. 7.3 (a) shows the S11 relative to the central driving gap
over the range 150-350 GHz. Although it is not a great impedance match, the square
spiral antenna provides a nearly flat -8 dB return loss over this range. Then, as shown
in the directive gain computed at 250 GHz in Fig. 7.3 (b), the E-plane pattern (along
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the axis of the dumb-bell) and H-plane have comparable co- and cross-polarization
magnitudes. This is consistent with the square spiral emitting approximately circular
polarization. It should also be noted that Fig. 7.3 (b) assumes that the GaAs substrate is
semi-infinite, so the focusing effect of the Si lens is not accounted for.

Fig. 7.2 (a) Power spectrum obtained by FFT of the autocorrelation function shown in Fig. 6.5. (b) Power spectrum
of radiation emitted from dumb-bell dipole antenna coupled to an open-ended WR-75 waveguide containing a
waveguide-to-coax transition.
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To further analyze the performance of the antenna, the S11 was computed in the range
10-30 GHz and it is shown in Fig. 7.4 (a). Here there is a clear sign of a resonance at
≈17.5 GHz, as was expected for any resonant dipole. The directive gain in Fig. 7.4 (b)
is also dipole-like, being scalloped in the E-plane and nearly uniform in the H-plane. In
addition, being that the antenna is fabricated on GaAs, most of the radiation propagates
into the substrate side, as was also expected. The reason why only one resonance
appears in the simulation (Fig. 7.4 (a)) and three in the experimental data (Fig. 7.2 (b))
is not yet understood.

Fig. 7.3 (a) Reflective S parameter vs frequency for the DBD antenna between 150 and 350 GHz. (b) Directive
gain at 250 GHz.
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Fig. 7.4 (a) Reflective S parameter vs frequency for the DBD antenna between 10 and 30 GHz. (b) Directive gain
at 20 GHz (note: the cross-pol components are very small and are therefore barely visible).

7.3 Metallization and Antenna Gain
To understand whether the metallization for the spiral antennae influenced the
antenna performance, a study of the resistance was conducted for both design A and B.
From each of the tested designs, the length of the arm was measured in order to
numerically calculate their resistances. The length, for both cases, was measured to be
2553 µm from the center of the antenna to the biasing arms. Each of the metal-strip
resistance was calculated from:
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R

l
tw

(7.4)

where ρ is the metal bulk resistivity, l is the total length of the arm, t its thickness, and
w is the width (9 µm for design A and 4 µm for design B). In order to measure R, it was
assumed that the conduction happened uniformly throughout the layered stack of
metals. For this reason, the total resistance was simply calculated as the parallel
combination of the metal layers. When the metallization stack Ni-AuGe-Ni-Au
(described in Table 4.2) was used, differential DC arm resistance of 74.2 Ω and 170.3
Ω, respectively for design A and B, were measured.
In addition, for the case of design B, the losses of metal films were investigated using
both measurements and computer modeling. These losses are often neglected in THz
antenna engineering. The attenuation due to the metallic loss is proportional to the
surface resistance Rs,

Rs 

2 f  0
2

(7.5)

where σ is the conductivity of the metallic stack, f is the frequency and μ0 is the
permeability of free-space. Thus, the smaller the conductivity and the greater the
frequency, the greater the losses can be.
Unfortunately, the conductivity of a metallic film can be significantly smaller than
its bulk value. As the thickness shrinks and becomes comparable to the mean free
electron path length, electrons can collide with the surface of the film [104].
Additionally, the surface effect becomes more severe as the thickness decreases. This
was confirmed by our experimental results. Two antennas were fabricated and
metallized with a stack of Ni/AuGe/Ni/Au, similar to the stack listed in Table 4.2, with
total thicknesses of 260 nm and 360 nm. The differential DC arm resistance was then
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measured to be 175 Ω and 155 Ω, respectively. Confirming that to enhance the
conductivity of the metal stack, an increase of the thickness of the metallization was
needed. According to the rule-of-thumb, a good target for the thickness would be 10
times the mean-free-path, as discussed in Chapter 4.
Furthermore, to understand the effect of the decreased conductivity, the antenna
gain has been simulated with full wave simulations [129] at the Universidad Carlos III
de Madrid [128]. The metallization was assumed to be a single layer of 2000 Å. Two
cases were considered: one for a good conductor (mimicking bulk conductivity 2 x 105
S/cm, pure gold) and the other for a lossy conductor (mimicking the thin film
conductivity 2 x 104 S/cm). The results over the ranges of 10-30 GHz and 150-350 GHz
are shown in Fig. 7.5 and 7.6, respectively. For the first case, the impedance followed
the local resonances of the antenna composed of the square spiral and the DBD.
However, the resonances disappeared for the case of a lossy conductor due to its
additional losses. At higher frequencies, the discrepancy between the impedances of the
two cases is less effective, as was expected, due to the fact that the skin depth is closer
to the actual thickness of the simulated conductor.
The difference in the impedance between the two simulated cases proved to affect
the gain of the antenna. Fig. 7.7, 8, 9 show the left handed circular polarization (LHCP)
and right handed circular polarization (RHCP) directive gains for the design B antenna
at the frequencies of 150, 250, and 350 GHz, respectively. As can be seen, a lossy
metallization causes a drop of the maximum gain of around 15, 10, and 5 dB,
respectively.
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Fig. 7.5 Magnitude of the arm’s impedance around 20 GHz.

Fig. 7.6 Magnitude of the arm’s impedance around 250 GHz.
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Fig. 7.7 LHCP and RHCP realized gains at 150 GHz with perfect and lossy conductor.

Fig. 7.8 LHCP and RHCP realized gains at 250 GHz with perfect and lossy conductor.
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Fig. 7.9 LHCP and RHCP realized gains at 350 GHz with perfect and lossy conductor.

Fig. 7.7-8-9 demonstrates how LHCP is dominant in the substrate and RHCP is
dominant through air. This is consistent with the fact that the current flows in the arms
of the spiral in a clockwise direction. If looking at the positive z-axis (perpendicular to
the plane on which the antenna lies and into the substrate) the copolar component will
be left handed. In contrast, when looking at the negative z-axis (into the air), the copolar
radiation will be right handed.
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CHAPTER 8
Alternative materials and antennae
While the performances of devices fabricated on ASP174 and ASP194 proved to be
best, a lot of effort was put towards reproducing these materials with further MBE
growths. The results of the test done are presented in this chapter and compared to those
of ASP174, 194. The measurements included: dark-current, photocurrent generation,
responsivity under pulsed optical excitation at 1550 nm, and THz power generation.

8.1 Dark-current
As in Chapter 5, the results on the design A PCS are shown first. Again, design A is
a 4-turn self-complementary square-spiral antenna, with 9 µm widths for the gaps
between the arms, 9 µm widths for metallization and a 9 µm x 9 µm area for the active
region, as shown in Fig. 5.1.
The materials tested with this design, and summarized in Table 8.1, are the
following: ASP174, ASP194, ASP280 (nominally a replica of ASP174) and ASP294.
Table 8.1 List of samples tested and devices fabricated.

Erbium Concentration [cm-3]

Epilayer Thickness [µm]

Antenna Design

ASP174

4.4 x 1020

1

A

ASP194

8.8 x 1020

2

A, B

ASP280

4.4 x 1020

1

A, B

ASP294

8.8 x 1020

1

A, B

ASP365

2.2 x 1020

2

B

ASP372

4.4 x 1020

2

B
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Fig. 8.1 shows the dark-currents.

Fig. 8.1 Dark-currents of design A PCS fabricated on ASP174, ASP194, ASP280 and ASP294.

As one can see, the abrupt change in the magnitude of the current and the resistivity of
the substrate discovered for ASP174 and ASP194 is also present in these samples.
Compared to that of ASP174, the device from ASP280 (replica of ASP174) shows
a larger dark-current over the entire range. In particular, before the voltage
discontinuity, the dark-current of ASP280 is 16.5x larger than the one of ASP174 and
3.3x larger after such discontinuity. This difference may be due to different growth
conditions that could have impacted the epi-layer quality. Specifically, it could have
been cause by either one of the following changes: the As concentration could have
varied due to a change in the As effusion cell; or the nanoparticle size or distribution
could have varied due to a change of growth temperature by 30 °C [84]. Additionally,
when compared to ASP174, ASP294 has a dark-current only 3% larger before the
discontinuity and 3.1x larger after it. This proved that ASP174 had the best dark-current
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characteristic amongst the materials with an epi-layer 1 µm thick. Table 8.2 lists the
dark-currents at 50 V bias voltage and at the highest bias voltage used in the
measurements.
Table 8.2 List of dark-currents of Design A devices.

ASP174

ASP194

ASP280

ASP294

Dark-current [µA] at 50 V

25.4

2.5

84.5

80.3

Dark-current [µA] at max V

66.6 at 80 V

42.8 at 75 V

84.5 at 50 V

80.3 at 50 V

Fig. 8.2 shows the dark-currents of devices fabricated on ASP194 and ASP294
with design A and thicknesses of 2 µm and 1 µm, respectively. Both configurations
were doped with a concentration of 8.8 x 1020 cm-3. From this I-V curve measurement,
it is clear that the discontinuity voltage moves to a higher value as the thickness of the
epitaxial layer increases. The obvious advantage of the shift is that the dark-current
remains lower for higher bias voltages, reducing the Joule heating that the devices need
to withstand. Subsequently, the device can be biased at higher voltages, which is
beneficial for responsivity and THz performance.
Next, the design B antenna was tested, as is shown in Fig. 5.2. Fig. 8.3, instead,
shows the comparison of the dark-current measurements for the two antenna designs
based on the same substrate material with ASP280 (replica of ASP174) having an
erbium doping concentration of 8.8 x 1020 cm-3 and 1-µm thick epitaxial layer. Again,
it can be seen how the design B successfully lowered the dark-current.
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Fig. 8.2 Dark-currents of design A PCS fabricated on ASP194 and ASP294.

Fig. 8.3 Dark-current comparison between the design A (in black) and B (in red) fabricated on ASP280.
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Fig. 8.4 shows the dark-currents of design B devices obtained by testing three samples
with 2-µm thick epitaxial layer (ASP194, ASP365 and ASP372), and two with 1-µm
thick epi-layer (ASP280 and ASP294). The bias voltage was kept low at a 20 V
maximum. It is evident that all of the devices with the design B have very low darkcurrent before the discontinuity voltage. In particular, ASP294, ASP365 and ASP372
have dark-currents at least 5x lower than those of ASP194 and ASP280.

Fig. 8.4 Dark-currents at low voltages of design B devices on the 5 samples of Table 8.1.
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Fig. 8.5 Full dark I-V characteristics of the devices tested with design B.

Subsequently, the bias voltage was increased to the assumed maximum operating
value. The resulting curves are plotted in Fig. 8.5, which shows how all three materials
with thicker epitaxial layer generates a lower current than ASP280 (1 µm epi-layer). In
contrast, ASP294 (1 µm epi-layer) shows slightly higher photo-current compared to
samples with a thicker epitaxial layer. This demonstrates the superior performance of
the materials with a 2 µm epi-layer, at least for dark resistivity. Moreover, samples
ASP365 and ASP372 have superior performance compared to ASP194. Table 8.3
summarizes the dark-currents of these samples at 50 V and at their highest biasing
voltage.
In conclusion, based on the I-V measurement in the condition of no optical
excitation, it evident that a higher erbium doping concentration leads to a lower darkcurrent, as previously discussed in Chapter 5. In addition, a thicker epitaxial layer
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appears to have the same effect. It also appears that, with respect to the dark-current,
samples ASP365 and ASP372 are superior to ASP194.
Table 8.3 List of dark-currents of Design B devices.

ASP194

ASP280

ASP294

ASP365

ASP372

(2-µm)

(1-µm)

(1-µm)

(2-µm)

(2-µm)

Dark-current [µA] at

1.27

23.2

2.6

0.49

0.25

Dark-current [µA] at

260 at 145

23.2 at 50

2.6 at 50 V

2.48 at 80

38.9 at 140

V

V

V

V

8.2 I-V curve under 1550-nm pulsed laser excitation
The photocurrents, and consequentially the responsivities, were measured under the
optical excitation of the driving 1550 nm pulsed laser. Table 8.4 lists the materials and
devices tested.
Table 8.4 List of materials and devices tested for 1550 nm pulsed laser excitation.

Design A

Design A with
optical fingers

Design B

Yes

Yes

ASP174

Yes

ASP194

Yes

ASP280

Yes

Yes

ASP294

Yes

Yes

ASP365

Yes

ASP372

Yes

Design B with ebeam fingers

Yes

The setup used is the same as the one shown in Fig. 5.6. Unless stated otherwise, these
tests were conducted with a laser output power of 84 mW with an actual power reaching
the device of approximately 64 mW. The bias voltage was 50 V and the results are
plotted in Fig. 8.6.

131

Fig. 8.6 Photocurrents of the PCS devices fabricated with the design A.

The data clearly shows that all the devices fabricated on samples having a 1 µm epilayer (ASP174, ASP280 and ASP294) generated more photocurrent than the device
fabricated on the 2 µm epi-layer material (ASP194). However, the drawback for
ASP174, ASP280 and ASP294 is that they all display fast raising I-V curves, making
it dangerous to apply higher bias voltage. As previously discussed in Chapter 5, the
THz power has a stronger dependency on bias voltage than on photo-current.
Interestingly, the fact that ASP194 generates less photocurrent than the other materials
appears to be in contrast with the results obtained from IR absorption measurements.
For example, in Chapter 3, material ASP194 proved in fact to be one of the best
absorbing material for 1550 nm radiation. The reason is still unclear.
The same samples tested for dark I-V measurements with the design B were then
tested for photo I-V measurements, and the results are listed in Table 8.4, while Fig.
8.7 shows the measured photocurrents of the five devices.
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Fig. 8.7 Photocurrents of design B devices fabricated on the 5 substrates.

Between the samples, ASP280 (replica of ASP174) displays a clear power law
dependence to the bias voltage already at low values (<50 V). This is possibly a sign of
very high responsivity but also of early stage breakdown, due to the steep slope around
50 V. The latter scenario was confirmed by the failure of the device when the bias
voltage was increased to 60 V. In comparison, ASP372 shows a very low generation of
photocurrent even at high bias voltages, which is not ideal for THz generation. In
contrast, samples ASP194, ASP294 and ASP365, generate useful photocurrent at 75 V
(55 µA for ASP194 and 70 µA for ASP365) and at 50 V (92 µA for ASP294) without
showing signs of early stage breakdown.

8.3 Responsivity
Fig. 8.8 shows the responsivities of the 8 different devices fabricated on different
samples. The data points were taken with a bias voltage of 50 V and an optical
excitation of 64 mW of 1550 nm pulsed radiation. ASP174, its replica ASP280, and
ASP294 are the materials that show the best responsivities amongst all the devices.
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However, they display a fast-increasing current to the voltage already at low bias (50
V), rendering it unsafe to apply higher bias voltage. Fig. 8.9 shows the responsivities
of all the devices at their highest, bias voltage.

Fig. 8.8 Responsivities calculated at 50 V of voltage bias for the different designs and samples.

ASP174 and ASP194 prove to be the best samples, as they both have high
responsivity and allow for biasing up to high voltages.
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Fig. 8.9 Responsivities vs bias voltage for each substrate under an optical excitation of 64 mW of 1550 nm laser
power.

8.4 THz Power Measurement
A device with design A was then fabricated on sample ASP280, nominally a replica
of ASP174. The broadband THz power obtained is shown in Fig. 8.10. At 80 V, the
maximum generated power was 22.2 µW. The power vs. bias voltage displays a power
dependence with an exponent of 1.87.
Sample ASP294 was tested with both designs A (Fig. 5.1) and B (Fig. 5.3), and the
results are shown in Fig. 8.11.
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Fig. 8.10 Design A, ASP280, THz power vs bias voltage.

Fig. 8.11 Design A (in blue) and B (in red), ASP294, THz power vs bias voltage.
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Design A and B devices based upon ASP294 only generated around 4.1 µW and
13.5 µW, respectively. The optical-to-THz power efficiencies were therefore poor,
being 0.0093% and 0.0307%, respectively.
ASP365 was tested only with design B and the results are shown in Fig. 8.12.

Fig. 8.12 Design B, ASP365, THz power vs bias voltage.

The results did not meet expectations, for only 3.6 µW of THz power was obtained at
a bias voltage of 100 V. Similarly, the optical-to-THz power conversion efficiency
was only 0.0082%.

8.5 Summary of PCS broadband power
Fig. 8.13 displays a summary of the maximum THz powers obtained from the
devices fabricated on different materials (both with design A and B).
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Fig. 8.13 Summary of THz power generated by the different materials at their maximum testing voltages.

As is clear, the device with design B of ASP194 generated the highest THz power
by far. One reason for its success can be attributed to the quality of the material, as
sample ASP194 is the most optimized material to date.

8.6 Summary of photoconductive switches driven with 1550-nm
pulsed laser radiation
The testing of the remaining samples confirmed that ASP174 and ASP194 are
capable of generating the highest THz power. This is in agreement with findings
discussed in Chapter 3, where IR absorption was found to be consistently smaller after
the growth of ASP194. The lower absorption might relate to the MBE growths. Some
growth conditions may have been varied, creating limitations on the reproducibility.
Further research is ongoing to confirm what actually happened.
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CHAPTER 9
Continuous-wave Excitation
9.1 Photocurrent under 1550-nm CW laser excitation
The best performing devices, based upon ASP194, were tested as photomixers under
the excitation of 1550-nm CW lasers. The objective was to understand whether or not
sample ASP194 could be used for photomixing. The setup used was very similar to the
one used for 1550-nm pulsed laser excitation. Fig. 9.1 (a) shows a picture of the setup
while Fig. 9.1 (b) shows the schematic.

Fig. 9.1 a) picture of the setup and b) block diagram of the photomixing setup.
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The setup consists of two continuous wave laser sources: one with a fixed
wavelength, namely a Thorlabs SFL1550P; the second with a source capable of varying
the wavelength in the range of 1520-1570 nm (New Focus Vidia). A fiber combiner
was used to add the two beams, and an Erbium Doped Fiber Amplifier (EDFA) was
used to boost the laser power. An NIR polarizer was utilized to increase the extinction
ratio of the linear polarized beam. A 10x achromatic standard microscope objective
(NA = 0.25, EFL = 15.2 mm) with a focus spot size of 10 µm was used to focus the
beam on the active region of the devices. The testing method was the same one
presented for 1550-nm pulsed laser excitation.
A polarization maintaining fiber combiner was then used to add the wavelengths
from the two linearly polarized lasers. The two-tone output of the combiner was
measured with an Anritsu MS9740A Optical Spectrum Analyzer (OSA) to check the
purity of the process (i. e. no inter-modulation products) and to make sure the power
levels were the same. An example is shown in Fig. 9.2.

Fig. 9.2 Example of the two-tone beam at the fiber combiner output.
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The output of the combiner was amplified by the EDFA from a milliwatt level to
tens or hundreds of milliwatts. A U-bench with a collimator and a polarizer was utilized
to modify the beam and ensure an even greater degree of common linear polarization
between the two tones. Finally, the combined beam was coupled in free space with the
microscope objective in order to focus the beam on the device.
A device fabricated on sample ASP194 with the design A pattern was tested for 1550
nm CW responsivity. The laser power was set to 85 mW. Fig. 9.3 shows the currents
(dark and photo), while Fig. 9.4 shows the corresponding responsivity.

Fig. 9.3 Dark- and photo- current of PCS with design A, fabricated on ASP194, under 1550-nm CW optical
excitation.
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Fig. 9.4 Optical responsivity of a design A PCS, fabricated on ASP194, under 1550-nm CW optical excitation.

For reasons that are still unclear, there was a drop in the photocurrent and
responsivity at the discontinuity voltage. Due to this drop, the value of the responsivity
was measured at the bias just before the discontinuity (45 V), and at the highest bias
voltage (75 V). The measured values are 0.1 µA/mW and 0.18 µA/mW, respectively.
These values were lower than those obtained with the same device under pulsed laser
excitation with values of 0.33 µA/mW and 0.57 µA/mW, respectively, a factor of
almost 3 of difference between the two types of excitation. Additionally, the
comparison between the two responsivity curves is shown in Fig. 9.5.
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Fig. 9.5 Comparison between pulsed and CW laser excitation responsivity on a design A PCS, fabricated on
ASP194.

In the next step, the PCS with design B fabricated on ASP194 was tested in the same
fashion. The laser power was set to be 140 mW of 1550-nm CW excitation with a
wavelength offset of 3 nm. The results for the currents and responsivity are shown in
Fig. 9.6 and 9.7. As the data shows, the responsivity is still low, even at 100 V bias
(approximately 0.5 µA/mW), compared to the values obtained for pulsed laser
excitation (approximately 1.5 µA/mW), while the maximum photocurrent generated
was only 70 µA.
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Fig. 9.6 Currents of a design B PCS fabricated on ASP194 under 1550-nm CW excitation.

Fig. 9.7 Responsivity of a design B PCS fabricated on ASP194 under 1550-nm CW excitation.

In an attempt to improve their performances, devices with deep-sub-micron fingers
dimensions were used for their enhanced responsivity, as previously mentioned in
Chapter 5. The IE device structure shown in Fig. 5.28 was implemented and fabricated
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on ASP280 due to a lack of both ASP174 and ASP194. The IE fabrication was executed
at the NanoTech West laboratories at Ohio State University via electron beam
lithography and e-beam metal deposition. The interdigital electrodes, shown in Fig.
5.28, have an electrode length of 8 µm and a width of 100 nm, separated by 1.4 µm.
For the IE structure, a metallization consisting of 10 nm of Ti and 50 nm of Au was
used. After this step, the rest of the fabrication (second optical mask and evaporation)
was completed internally. This required a re-alignment step using the MJB3 maskaligner, making this the first multi-level optical lithography process done in the THz
lab at Wright State University.
The device was then tested in the same setup used previously with a 1550-nm laser
power of 150 mW. The results for the currents are shown in Fig. 9.8, while the data for
responsivity is provided in Fig. 9.9. These results prove that the use of IE structures can
significantly improve the performances of these devices.

Fig. 9.8 Currents for the IE PCS fabricated on ASP280.
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Fig. 9.9 Responsivity of IE PCS fabricated on ASP280.

9.2 Photomixing power spectrum
In order to obtain photomixing excitation, and therefore THz generation, the
photoconductive antenna needs to be excited by two frequency-offset lasers. The offset
between the wavelengths of the drive lasers determines the frequency at which the
device radiates. Fig. 9.10 depicts the difference in frequency generation for 780 nm and
1550 nm wavelengths. For example, in order to generate 1 THz light, an offset of 8 nm
between the two frequencies around 1500 nm is required.

Fig. 9.10 Difference frequency as function of wavelength offset for 780 nm and 1550 nm wavelengths.
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For this experiment, various devices have been tested. However, only the device
fabricated on sample ASP194 with design B proved to generate measurable THz
radiation. Using the QMC OAD-7 Golay Cell as detector and the New Focus Vidia to
adjust the wavelength offset, a frequency sweep from 200 GHz to 1300 GHz was
performed. The resulting data is provided in Fig. 9.11. The results show that the levels
of the signals were weak. These power results are lower in magnitude compared to
those obtained by Zhang et al. [2] on a sample of ErAs:GaAs, which had a lower erbium
doping and unknown nanoparticle size, shape and concentration.

Fig. 9.11 Power spectrum for 1550-nm CW laser excitation obtained through difference frequency generation.

Fig. 9.12 compares this CW power spectrum curve with the one obtained from
pulsed laser excitation, showing that the two curves are in strong agreement with one
another. Note that the CW power spectrum was obtained by tuning the lasers, whereas
the pulsed PC switch spectrum was obtained by the autocorrelation method.
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Fig. 9.12 Comparison between the power spectra obtained with pulsed laser excitation (in blue) and CW laser
excitation (in red).

9.3 780 nm CW Responsivity
These results turned the attention to the photoconductive mechanism. To better
understand this mechanism, an additional experiment was conducted in order to
compare the extrinsic photoconduction mechanism to the intrinsic mechanism. A PCS
with design B fabricated on ASP194 was tested for responsivity under three different
regimes: 1550 nm pulsed, 1550 nm cw and 780 nm cw excitations. The setups for 1550
pulsed and cw excitation are the same as those previously discussed in this dissertation.
The setup for 780 nm cw excitation is shown in Fig. 9.13. The source was a Cheetah
laser system and the microscope objective lens is used to focus the laser beam on the
active region of the antenna. The alignment procedure was the same one used
throughout this research.
In Fig. 9.14 are shown the resulting responsivities. According to the plot, under a
bias voltage of 50 V, the cw responsivity at 1550 nm (1.4 x 10-4 A/W) is 10 times lower
than the 780 cw responsivity (1.5 x 10-3 A/W). Fig. 9.14 also highlights the comparison
between the responsivity at 1550-nm under pulsed and cw excitation. More research
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and testing on the exact photo-carrier generation and transport mechanism would be
necessary in order to understand this difference.

Fig. 9.13 Setup for 780 cw optical excitation.

Fig. 9.14 Responsivities of design B square spiral antenna, with CW 780 nm, pulsed 1550 nm and CW 1550 nm
excitations.
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9.4 Summary
The experimentation of THz generation through photomixing led to the realization
that the excitation mechanism strongly affects the responsivity and THz power
generation. 780 nm (cross-gap) excitation creates much higher responsivity than 1550
nm. At 1550 nm, pulsed excitation is much more effective than CW. To explain this,
further investigation into the excitation and transport mechanisms would be required.
One main question to answer is, how are the photo-carriers being generated? The
differences noted between 1550 nm pulsed and cw excitation could be due to either the
fact that peak power may play a crucial role in generating photo-carriers or to a different
recombination mechanism between the two. This can be deduced by the fact that the
responsivity under cw excitation is only one third of the responsivity under pulsed
regime. An additional explanation could be that the weaker cw responsivity and
photomixing power could be caused by a long photo-carrier lifetime. A possible
explanation of this phenomena is reported in Ref. [130]. In fact, as stated in Chapter 1,
the lifetime of the photo-carrier is crucial for photo-mixing generation but not for
generating THz power under a pulsed regime.
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CHAPTER 10
Reliability studies
During the course of this research, several devices failed. This brought forth an
important question: how robust are these devices? To date, to the best knowledge of the
author, there has been no study on the failure mechanisms of THz photoconductive
devices. To gain more insight, an investigation of failure mechanisms and the stability
of the devices were conducted. This study was limited to only tens of devices.

9.1 Electrical based stress
In order to test the stability over time under simple electric stress, 2 types of
experiments were run. The first was a long-term electrical bias. It was carried out by
running successive I-V curve scan with step size of 1 V and with 3 seconds of delay
between each step. The voltage range was from 0 to 120 V, and the data was saved for
each scan. This test was performed non-stop for 75 days on a PCS with design B
fabricated on ASP365. Throughout this period, no significant sign of change in the
shape of the curve or peak values were recorded. The only notable differences were
small fluctuations likely due to changes in room temperature, light and humidity. Fig.
10.1 shows the curve taken on the first day of testing and the curve taken on the last
day.
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Fig. 10.1 Dark-currents on design B ASP365, at the beginning (in blue) and at the end (in red) of the experiment.

The second test was performed by biasing the device at a constant high bias 100 V. This
test has been running for 126 days straight and is still ongoing (>3000 hours). The
current has been stable around a value of 26.8 ± 0.6 µA, with the fluctuation attributed
to the ambient light level, air humidity and room temperature. Both devices are still
functional, proving the robustness of the materials and fabrication with respect to
electrical stress alone.

10.2 Stress by optical excitation and electrical bias
A third test was conducted in order to check for the stability under optical 1550-nm
pulsed excitation. Among all the gap devices tested under safe operating conditions,
only one device has failed to date. Safe operation consisting of 64 mW of laser power
and a bias voltage low enough to not draw currents in the milliampere range. This single
failing device was a PCS with the design A fabricated on ASP174, and it was tested for
over 6 months. It was fully characterized for 1550-nm CW and pulsed responsivity as
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well as for THz radiation. The maximum bias voltage at which this device was tested
was 80 V, under a 1550-nm pulsed laser excitation of 64 mW, driving a current of 800
µA. Until its failure, no sign of a change in the photocurrent or THz power radiation
was recorded. The failed device was imaged, but there was no clear sign of the type
failure, neither on the semiconductor material nor on the metallization.
Other devices were tested over several days under the same operating condition but
none of them failed. One device in particular was heavily tested (especially under 1550nm pulsed laser excitation) for over a year at the highest bias voltage of 145 V. It was
fabricated on ASP194, and to date it is still operational. The drained current at this bias
voltage reached a value of 600 µA, while the radiated power reached 117 µW. As was
the case in the previous device, there has been no notable sign of a change in the
photocurrent or THz power to date.
In addition to pulsed laser excitation, all of the gap devices were also tested under
CW laser excitation. In this case, a variable laser power, ranging from 4 mW up to 300
mW, was used to drive the devices. A maximum bias voltage of 110 V was used.
Similar to the previous tests, only a few of the many tested gap PCS devices failed
during the experiments. However, none of them showed any clear sign of the cause of
failure, neither on the semiconductor nor on the metal. It appears that a thermal
breakdown may be the reason behind the failures. Using Eqn. 5.3 under the condition
of 300 mW of laser power, a voltage of 100 V and a current of 100 µA, the increase in
the temperature reaches 250 °C. Looking at the ASP194, design B gap PCS device
(with an optical pulsed laser power of 64 mW, a voltage of 145 V and a current of 0.6
mA), the increase in the temperature was only 121 °C. With these findings, it is
conceivable that the main cause of the breakdown of the devices is thermal rather than
electrical.
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All of these tests lead to the conclusion that the gap PCS devices are very robust to
electrical breakdown and can sustain heating of the active region up to at least 133°C
for long periods of time.
Things change with the IE devices, both with large (made by optical lithography)
and small (e-beam lithography) fingers. Many devices were tested from different
samples (listed in Table 10.1). Design A IE PCSs with optical fingers were fabricated
on ASP194 and ASP294 with a metallization stack of Ni/AuGe/Ni/Au, and design B
devices with e-beam IE PCS based upon ASP280. The e-beam fingers were metalized
with Ti/Au while the PCS with Ni/AuGe/Ni/Au.
Table 10.1 List of device characteristics for reliability tests. All devices have IE structures. Details on the epitaxial
layer and fingers fabrication.

ASP194

ASP280

ASP294

8.8 x 1020

4.4 x 1020

8.8 x 1020

2

1

1

Optical fingers

No

Yes

No

E-beam fingers

Yes

No

Yes

Erbium concentration [cm-3]
Epilayer thickness [µm]

Of the many devices tested, a large portion failed while being operated under what
were initially thought to be safe operating conditions: bias voltage of only 5 V and
under at most 64 mW of pulsed laser excitation power and 40 mW CW.
Fig. 10.2 and Fig. 10.3 show the active region area of the optically fabricated fingers
on ASP294 and e-beam fingers fabricated on ASP280, respectively. These images were
taken after device failure.
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Fig. 10.2 Detail of the active region areas with optical fingers, ASP294.

Fig. 10.3 Detail of the active region areas with e-beam fingers, ASP280.

During these experiments, the way these devices failed was the same: after testing the
devices for dark-current, they were put under optical excitation (either pulsed and CW)
and they all failed during the alignment procedure. Looking at the images, it appears
that the two failing mechanisms are similar (involving the metallization), but they are
in fact different. Considering ASP294, it appears that the metal simply melted and
created a short circuit between neighboring fingers. In contrast failure of the e-beam
fingers of ASP280 seems to relate to electro-migration [131], [132]. The electric field
between the fingers was only 4.1 x 104 V/cm. Evidence for this failing mechanism can
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be seen in Fig. 10.3 (a) and (b). The metal from one of the fingers migrated onto the
opposite electrode leaving grooves in the semiconductor surface between them. This
detail could be a result of the presence of ErAs quantum-dots (metallic) close to the
surface of the substrate. In contrast, the device fabricated on ASP194 with optical IEs
did not show any sign of instability or change in performance, despite the fact that it
was tested under the same conditions for over 90 hours.
More tests (most likely destructive) on multiple devices and from different samples
would be necessary to draw a more definitive conclusion. However, one key factor from
Table 10.1 is that the ASP194 material had a 2-µm thick epitaxial layer of GaAs:Er
compared to 1-µm thick for the other two.

10.3 Summary
The reliability tests are at an early stage and final conclusions cannot be drawn yet.
However, some observations can be made from the recorded failures and stability tests.
For one, the PCSs (with no fingers in the active region) based upon ErAs:GaAs material
are very stable, both electrically and thermally. Secondly, it appears that the
introduction of the fingers in IE PCSs, whether they are fabricated through optical or ebeam lithography, de-stabilize the materials and render them less thermally stable. The
failing mechanism is most likely either thermal runaway (CW devices) or electromigration (pulsed devices). Finally, there appears to be a strong correlation between the
thickness of the epitaxial layer and the stability of the samples. In order to confirm or
deny these observations, additional testing under different operating conditions would
be necessary.
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CHAPTER 11
Conclusions and Future Work
11.1 Conclusions
To reiterate, the objectives shown in Fig. 0.1 were to obtain superior devices and a
better physical understanding, as well as to discover new physical phenomena of
ErAs:GaAs. With these objectives the following results shown in Fig. 11.1 were
obtained (Fig. 11.1).

Fig. 11.1 Summary of thesis objectives and results.

The nanoparticle diameter and concentration of the unique nanocomposite
ErAs:GaAs material have been optimized through erbium concentration and epitaxial
layer thickness in order to increase the resonant absorption of 1550-nm light through the
extrinsic photoconductivity mechanism. Strong 1550-nm resonant absorption was
obtained (roughly 104 cm-1), comparable to that of 850-nm (cross-gap) for GaAs (around
1.5-2 x 104 cm-1). The material was characterized and proved to provide very desirable
characteristics for a THz PCS: short lifetime (approximately 1 ps), high mobility (>0.65
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x 103 cm2/Vs), high dark resistivity (>6.8 x 104 Ohm-cm), and strong resonant
absorption at 1550-nm (as high as 104 cm-1).
A satisfactory multi-layer photo-lithography process was designed with high yield
on the substrate (95% of working devices) and low dimensional mismatch between the
patterned device and the optical mask. The metallization of the THz antennae has been
studied both through experimentation and simulation. A metal stack consisting of
Ni/AuGe/Ni/Au was found to better compare to the traditional TiAu. This metal stack
proved to have lower resistivity and a more uniform surface morphology, reducing both
resistive and radiative losses. Additionally, the simulations proved that in order to
further reduce the losses and increase the antenna performance, a metallization thicker
than the one used during this research should be sought.
A new design (B) for the 4-turn self-complementary square spiral antenna was
developed. This design reduces electrical stress on the devices and improves the THz
power generation. In addition, with the implementation of design B, the device proved
to be able to radiate simultaneously in two bands: around 300 GHz from the spiral
antenna, and between 10 and 20 GHz from the dumbbell dipole. Both are inherently
possible because of the broadband nature of ultrafast photoconductivity. In Chapter 5, a
new IR-filter based on black polypropylene was introduced with the same 1550-nm
radiation blocking capability of the commonly used black polyethylene, but with a better
THz transmission. Additional study on this material could help to further improve the
metrology of THz power detection. Finally, the power spectrum was obtained through
an autocorrelation technique using a Michelson interferometer.
From this unique material, PCS devices were fabricated that can generate a worldrecord THz power of approximately 117 µW of THz. This THz power is the highest
among all the 1550-nm based PCS, with an optical-to-THz conversion efficiency of
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0.266%. The pulse performances were found to be far superior to those of cw pumping
regime, suggesting that different electrical transport mechanisms are happening. Finally,
the devices were tested for reliability and stability under electrical and optical excitation.
The PC devices proved to be very stable with no apparent degradation in photo-current
generation and THz radiation over time.

11.2 Future Work
The results obtained during this work also brought to light several more experiment
that could help to better understand this material and lead to even more efficient THz
sources.
Since the material was found to absorb 1550-nm light poorly after the growth of
ASP294, a more in-depth study of the material science of the different growths could
help in understanding why the absorption behavior changed. In addition, it could
provide more insight into whether it could be possible to further improve the 1550-nm
resonant absorption.
In addition, the responsivity under cw 1550-nm excitation was found to be 3 times
lower than that under pulsed excitation. Moreover, the cw 780-nm responsivity was 10
times larger than the CW 1550-nm one with a difference of a factor of 5 between the
CW 780 responsivity and its theoretical prediction. More study on the two different
types of optical transport mechanisms between cw and pulsed regime could clarify this
difference. Preliminary results on this can be found in Ref. [130].
Considering the simulation results obtained on the effect of the resistance of the arms
of the antenna on the gain, it would be interesting to obtain additional experimental
results. In particular, interesting insights could be gained by comparing the THz
performance of antennae fabricated on the same sample but with different metallization
thicknesses.
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Finally, due to the results obtained on the dual band antenna, this device should be
used in real systems.
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Appendix A
Discontinuity voltage
As mentioned previously, the theory behind this phenomenon is beyond the scope
of this thesis, however the results gathered on it through the research done for this
dissertation are here shown.
Fig. A.1 presents the data point of each substrate, first and second design (per
availability) of the transition voltage.

Fig. A.1 Discontinuity voltages for the different substrates and different antenna designs.

From Fig. A.1 it is clear how the change of the antenna design (with the same active
region), does not affect the transition voltage which remain in within the error
boundaries. However, the change in epitaxial layer thickness (from 1 µm to 2 µm)
increases the voltage at which this discontinuity happens. The doping concentration
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also affects this voltage; however, it is not clear how it is related to the doping
concentration, as depicted in Fig. A.2.

Fig. A.2 Discontinuity voltage vs erbium doping concentration.
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Appendix B
1550-nm pulsed responsivity versus laser power
A test was conducted on the dependence of the generated photocurrent on the optical
excitation. For this experiment, a device fabricated on ASP194 with design A was used
and biased at the constant voltage of 75 V. The setup was identical to the one shown in
Fig. 5.6 with the only addition of an optical wheel attenuator to adjust the laser optical
power. As stated previously, the maximum optical power available from the laser
source was 85 mW which, after the microscope objective lens, was reduced to 64 mW.
For this reason, this is the maximum optical power used for this experiment.
Fig. A.3 shows the results of the generated photocurrent versus laser power. It is
noticeable that at low laser powers there is negative photoconductivity at voltages right
after the transition. Fig. A.4 shows the details of the photocurrent dependence versus
laser power at the constant bias voltage of 75 V. It is interesting to notice how, while at
lower laser power values the dependence is linear, at the highest optical excitation there
is a deviation from linearity to a super-linear dependence.
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Fig. A.3 Photocurrent dependence to the optical excitation of a design A PCS fabricated on ASP194.

Fig. A.4 Photocurrent dependence to the optical excitation under 75 V of bias voltage for a design a PCS
fabricated on ASP194.
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For the same reason, a change in the responsivity of the device as a function of the laser
power can be seen in Fig. A.5.

Fig. A.5 Responsivity of the device as a function of laser power at the constant bias voltage of 75 V for a design
A PCS fabricated on ASP194.

While up to around 50 mW of laser power the responsivity stays roughly constant
around 0.55 µA/mW, at 62 mW of optical excitation the responsivity jumps at a value
of 0.75 µA/mW.
In addition, when looking at the total current shown in Fig. A.6 it can be seen that
there is a shift in the main jump of the current as the laser power changes (Fig. A.7).
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Fig. A.6 Total current versus 1550-nm pulsed laser power of a design A PCS fabricated on ASP194.

Fig. A.7 Transition voltage as a function of 1550-nm pulsed laser power.
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Appendix C
CW responsivity versus laser power
As done for the case of pulsed laser excitation, a study of the responsivity as a
function of the laser power was carried out. The device used in this case was design A
PCS fabricated on ASP194.
An optical power from a minimum of 4.7 mW and a maximum of 94.5 mW was
used in this experiment and the resulting total current and responsivities are shown in
Fig. A.8 and A.9.
To be noted as even in this case with CW excitation, negative photoconductivity can
be seen when the laser power is low, with this phenomenon appearing in the region
right after the transition voltage. Again, the voltage at which the discontinuity voltage
was monitored and checked for dependency with respect of the laser power. The results
are shown in Fig. A.9.

167

Fig. A.8 Photocurrent on PCS design A fabricated on ASP194 at different 1550-nm CW laser powers.

Fig. A.9 Responsivity on PCS design A fabricated on ASP194 at different 1550-nm CW laser powers.
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Fig. A.10 Discontinuity voltage as a function of the 1550-nm CW laser power.

No clear dependence exists between the insulator-to-metal transition voltage and the
laser power.

169

Appendix D
Fabrication
D.1 Pre-process
To begin, a standard cleaning process was performed in order to ensure an extremely
clean surface, free of any contaminants or water vapor, both of which can cause
processing problems. The cleaning consists of spraying acetone, isopropyl alcohol
(IPA) and de-ionized (DI) water, followed by a drying step using compressed air. The
acetone is the primary chemical used to remove organic contaminants from the surfaces
of the wafers. It is a good polar solvent that dissolves most organic contaminants,
although its high evaporation rate may result in some residual contaminants on the
surface. For this reason, the surface is subsequently rinsed with isopropanol (IPA)
which is widely used as a secondary chemical to remove the contaminants after acetone
is applied. IPA evaporates more slowly than acetone and dissolves non-polar
contaminants that are left on the wafer. DI water is then used to rinse off the isopropyl
alcohol, and compressed air is used to dry the wafers. The final step in the preprocessing is to eliminate any moisture adsorbed by the surface of the substrate. To do
so, a dehydration baking is performed for 5 minutes at a temperature of 140 °C. This
step helps avoid adhesion failures of the samples caused by residual
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hydration. After these cleaning steps are completed, the substrate is ready for
processing.

D.2 Photolithography
The first step in the fabrication involves the photolithography process. For this step,
two types of photoresists have been tested: positive resist and image reversal positive
photoresist. Positive photoresists were chosen because the exposed areas in negative
ones swell when the unexposed areas are dissolved by the developer. This swelling,
which is simply a volume increase due to the penetration of the developer solution into
the resist material, results in distortions in the pattern features, and therefore limits the
resolution. In contrast, when positive resist is applied, the unexposed regions do not
exhibit any swelling or distortions to the same extent. As result, positive resist allows
to obtain better image resolution.
Fig. A.11 shows the flow chart for the photolithography process for the two types of
resists: positive and image reversal resists.
As illustrated in Fig. A.11, there are two major differences between the photoresists:
the first one is the pattern, with dark and clear fields being switched between the two
(i. e., with the developer dissolving the area exposed for positive resist and the
unexposed area for image reversal positive resist); the second one is the slope of the
sidewalls of the patterned photoresist (the slopes in Fig. A.12 are accentuated for
clarity).
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Fig. A.11 Flow chart of the photolithography processes.

Fig. A.12 Metallization and liftoff for the two types of photoresist.

The latter difference is of great importance when the process requires only a single
photoresist layer. As depicted in Fig. A.12, a metallic film is first evaporated on the
patterned positive photoresist, and the liftoff process is then performed. Because of the
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deposition of metal on the side wall, the metal could either come off partially or not at
all during the lift-off. When using image reversal positive photoresist, the undercut
helps prevent this problem by physically separating the metal on top of the resist and
the one bound to the substrate. For this reason, a process involving image reversal
photoresist and the AZ-5214-IR resist was used.
In the next step of the fabrication, a programmable SCS G3P-8 spin coater was used
to spin the image reversal positive photoresist and to perform spin development. A Karl
Suss MJB3 contact mask-aligner, capable of resolving features as small as ≈0.8 µm,
was used to pattern the photoresist. The complete recipe is as follows:
 Spin photoresist at 5000 RPM with 5000 RPM/sec acceleration ramp
 Soft bake at 95 °C for 60 seconds
 Expose for 2.5 seconds with a light intensity of ≈12 mW/cm2
 Post exposure bake at 115 °C for 60 seconds
 Flood exposure for 20 seconds with a light intensity of ≈12 mW/cm2
 Spin develop for 60 seconds with successive steps:


35 seconds of developing using MIF-319



15 seconds of DI water



10 seconds of drying at room temperature

A yield of around 95% of devices was achieved with this recipe, with minimum feature
size = 1.4 µm and little dimensional mismatch (5% for the smallest features) between
the devices and the optical mask.

D.3 Metallization and lift-off
After the photoresist is patterned, a metal stack can be evaporated. The metal stack
needs to have a low resistivity, as low resistivity reduces the Joule heating and RF loss.
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Prior to depositing the metal stack, the surface of the sample must be treated. The
first step for surface preparation is to use a plasma oxygen treatment to remove monolayers of organic materials that may remain after the photoresist is developed. A March
CS-1701 Anisotropic Reactive-Ion Etching (RIE) Plasma System was used to carry out
this step. This Asher uses an RF input at 13.56 MHz to create plasma, but first vacuum
is achieved by reaching a base pressure of 80 mTorr. Oxygen is then introduced under
a controlled flow so that the pressure reaches 700 mTorr. When the pressure is stable,
the cleaning is initiated by generating the plasma and keeping it at a constant forward
power of 400 W for 30 seconds. The pressure inside the chamber vs time for this process
is shown in Figure A.13.

Fig. A.13 Pressure vs time of the cleaning process in the March system.

After cleaning of the exposed surface, an HCl dip is necessary to improve the
adhesion of the metal to the substrate by removing the native oxide that naturally grows
on GaAs when exposed to air. For this step, the patterned substrate was dipped into a
solution of HCl/water at 50%/50% for 5 seconds, rinse with DI water and dried with
compressed air. This step to prepare the surface was done immediately prior the
evaporation in order to reduce the amount of time the sample is exposed to air.
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D.4 Re-alignment technique
An important step during the fabrication of the devices with e-beam finger (Fig.
5.28) and presented in Chapter 8, was the alignment of the second-level mask with the
patterned obtain through e-beam photolithography. Being able to successfully align the
second layer with the first one is of great important in order to achieve high yield.
For this reason, alignment marks, like the one shown in Fig. A.14, were added to both
layers. These marks were placed around each device chip at the four corners (Fig.
A.15), in order to make the alignment of the second mask easier and to have references
for the dicing step.

Fig. A.14 Alignment mark.

After the fabrication at OSU through e-beam lithography, the patterned sample was
brought back to WSU’s cleanroom in order to use optical lithography to pattern the
second layer (i. e. to pattern the antenna).
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Fig. A.15 Single chip with the four alignment marks.

The MJB3 mask-aligner used to align the second mask with the sample patterned
at OSU. This was possible thanks the 4- axis stage of the mask-aligner (x, y, z and θ).
To start the sample was place at the exact center of the stage, as shown in Fig. A.16.
The microscope head of the MJB3 was then placed above the center of the stage as
well. The x and y- axis were then carefully adjusted using through micrometers
connected to the stage in order to align one of the marks (closest to the center) from
the sample to the mark (closest to the center) of the mask. By moving the microscope
head the edge of the sample along the x and y-axis, small adjustments on the θ were
made. The full procedure consists of a repetition of these two steps. By making sure
that the adjustments on the x-y plane were done only when looking at the center-most
alignment mark, and the adjustments on θ only when looking at alignment marks on
the edge of the sample, an optimal alignment was obtained.
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Fig. A.16 top-view of the substrate mounted on the MJB3 stage.
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Appendix E
Gating circuit
In Chapter 6, signal-to-noise ratios (SNR) as high as 93 dB (at 300 GHz) were
measured at spot frequencies using Schottky diode detectors. During this research,
effort was put into increasing these numbers thanks to an improved detection system.
As a direct consequence of the pulsed excitation of the device, the signal collected
with the Schottky detector is pulsed as well (Fig. A.17). The pulses are generated with
the same frequency of the mode-lock laser source (i. e. 100 MHz), causing two
consecutive pulses to be 10 ns apart in the time domain, with most of the signal
generated in a time-window of around 1 ns.

Fig. A.17 300 GHz pulsed signal from Schottky detector.
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The drawback of the detection technique used in Chapter 6 is that the detector
continuously collects both the signal and noise and averages these values over a set
integration time. For this reason, in order to improve the SNR, a gating circuit was
designed, with the intent of rejecting part of the noise (around 9 ns over the 10 ns
period). Fig. A.18 shows the schematic of the circuit.

Fig. A.18 Schematic of the gating circuit.

The core part of this circuit is the SPDST switch (i. e. ZFSW-2-46) capable of switching
between O1 and O2 in approximately 2 ns. The switch is driven by two control signals
as shown in Fig. A.19. The control logic is shown in Table A.1.

Fig. A.19 Electrical schematic of the SPDT switch.
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Table A.1 Control logic for SDPT switch.

Control Ports

RF Outputs

1

2

1

2

-V

0

On

Off

0

-V

Off

On

To drive the circuit, the RF output reference from the MENLO mode-lock laser
(FWHM ≈ 1 ns, peak-to-peak voltage ≈ 200 mV) was used. This ensures that the
switching frequency of the SPDT switch is the same as the signal of the Schottky diode.
To better drive the SPDT switch, the two reference signals need to be as close to square
wave signals as possible (with peak voltage of -8 V) in order to avoid having both
control ports at 0 (or 1) logic values. To obtain the two control signals, the reference
pulse from the MENLO laser is placed at the input of a comparator. The output square
wave signal is then split into two: the first signal is then inverted using an inverting opamp and use to control port C1, to the second one is added DC voltage (through a biastee) in order to render the signal negative, and then it is amplified with a non-inverting
op-amp. Finally, delay lines are places before the ports C1 and C2 of the SPDT switch
in order to correctly time the switching event. Fig. A.20 shows the ideal control voltages
as a function of time.
This system is still under development, for this reason results on the improved SNR are
still not available.
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Fig. A.20 Ideal control voltage vs time.
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Appendix F
Publications
Journal Articles:
A. Mingardi, W-D. Zhang and E. R. Brown “Characterization of an IR-Blocking, THz
Low-Pass Filter for Improved THz Power Metrology “– in preparation
W-D. Zhang, E. R. Brown, A. Mingardi, R. P. Mirin, R. A. Annable and D. Saeedkia
“THz Superradiance from a GaAs: ErAs Quantum Dot Array at Room Temperature”
– under review at Optica (2018)
A. Mingardi, W–D. Zhang, E. R. Brown, A. D. Feldman, T. E. Harvey and R. P.
Mirin “High power generation of THz from 1550-nm photoconductive emitters," Opt.
Express 26, 14472-14478 (2018). https://doi.org/10.1364/OE.26.014472
E. R. Brown, A. Mingardi, W–D. Zhang, A. D. Feldman, T. E. Harvey and R. P.
Mirin, "Abrupt Dependence of Ultrafast Extrinsic Photoconductivity on Er Fraction in
GaAs:Er," Applied Physics Letters 111, 031104 (2017).
https://doi.org/10.1063/1.4991876

Conference Proceedings:

A. Mingardi, W–D. Zhang, E. R. Brown, L.E. García-Muñoz, G. Carpintero del
Barrio, and D. Segovia-Vargas “THz and Microwave Dual-Band Ultrafast
Photoconductive Antenna” at EuMW 2018.
https://doi.org/10.23919/EuMC.2018.8541500
A. Mingardi, W-D. Zhang, E. R. Brown “Advances in 1550-nm Driven THz, GaAs
Photoconductive Switches” at IRMMW 2017. https://doi.org/ 10.1109/IRMMWTHz.2017.8067209
W-D. Zhang, A. Mingardi, E. R. Brown, A. Feldman, T. Harvey, R. P. Mirin
“Ultrafast Photoconductive Devices Based upon GaAs:ErAs Nanoparticle Composite
Driven at 1550 nm” at SPIE Defense + Security 2017.
https://doi.org/10.1117/12.2262647
A. Mingardi, W-D. Zhang, E. R. Brown “THz Performance of 1550-nm Driven
Photoconductive Switches Made from GaAs:Er with ErAs Quantum Dots” at
NAECON 2017. https://doi.org/10.1109/NAECON.2017.8268796
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W. Zhang, A. Mingardi and E. R. Brown, "New high-extinction wire-grid polarizers
for polarimetric W-band radar," 2017 IEEE National Aerospace and Electronics
Conference (NAECON), Dayton, OH, 2017, pp. 335-337.
https://doi.org/10.1109/NAECON.2017.8268797
A. Mingardi, W-D. Zhang, E. R. Brown “Non-Contact, Antenna-Free Probe for
Characterization of THz Devices and Components” at NAECON-IOS 2016.
https://doi.org/10.1109/NAECON.2016.7856845
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